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ABSTRACT

Author: Max, Joann, P. PhD
Institution: Purdue University
Degree Received: May 2018
Title: Mass Spectrometric Studies on a Functional Group-Selective Ion-Molecule Reaction and
the Reactivity of Bi- and Polyradicals
Committee Chair: Hilkka I. Kenttämaa
Mass spectrometry (MS) is a versatile analytical tool for the characterization of unknown
compounds in complex mixtures. MS separates the ionized components of a mixture based on their
m/z values and provides accurate molecular weight information and elemental compositions for
the ionized analytes. Tandem mass spectrometry (MS/MS) based on collision-activated
dissociation or ion-molecule reactions can be used for structural characterization of the ionized
analytes. MS/MS can also be used to probe the intrinsic properties of highly reactive intermediates
that are difficult to study in solution.
The experiments described in this thesis focus on the examination of various gas-phase
reactions. A functional group-selective ion-molecule reaction for the identification of carboxylic
acid functionalities in protonated drug metabolites was studied in a linear quadrupole ion trap mass
spectrometer. This MS/MS method was combined with high-performance liquid chromatography
to demonstrate its applicability to high-throughput screening of mixtures. Further, MS/MS was
used to study the reactivity of protonated meta-pyridynes toward methanol and the reactivity of
two interesting pentaradicals, the 1,2,4,5,7-pentadehydroquinolinium cation and the 1,2,4,6,8pentadehydroquinolinium cation, toward cyclohexane. Gas-phase reaction mechanisms of three
charged ortho-pyridynes with furan, tetrahydrofuran and allyl iodide reported in the dissertation
of Dr. Bartlomiej J. Jankiewicz were also investigated.

1

INTRODUCTION AND THESIS OVERVIEW

1.1

Introduction
The mass spectrometer was invented by J. J. Thomson in 1913.1 Since then, it has evolved

into a versatile analytical technique that is used in many scientific fields. Mass spectrometry (MS)
is noted for its ability to provide molecular weight and structural information of unknown
compounds. MS has also proven to be an invaluable technique to study various gas-phase
reactions.2-4
Tandem MS based on collision-activated dissociation (CAD), which involves isolation of an
ion followed by a dissociation reaction induced by energetic collisions with an inert target gas, can
provide structural information for an ionized analyte. This technique is especially useful for the
characterization of unknown compounds, such as those found in drug metabolite mixtures.5,6
However, CAD cannot always be used to unambiguously elucidate the structure of an unknown
ion.7,8 Therefore, tandem MS experiments based on ion-molecule reactions, which involve reactive
collisions of analyte ions with neutral molecules, have been developed in our laboratories for fast
structural elucidation of unknown drug metabolites and impurities. Different neutral reagents have
been found that enable the identification of various functional groups commonly found in drug
metabolites, such as sulfone,9 N-oxide10 and sulfoxide11 functionalities, to name a few. In this
dissertation, a functional group selective ion-molecule reaction for the identification of carboxylic
acid functionalities was examined.
Ion-molecule reactions in mass spectrometers can also be used to study the intrinsic
properties of highly reactive intermediates that are difficult to study in solution. These experiments
can provide valuable information on their reaction kinetics, reaction mechanisms and
thermochemical properties.12 Such intermediates, if they are charged, can be isolated in mass
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spectrometers and their intrinsic properties can be studied while eliminating unwanted interactions
with solvent molecules observed in solution studies. Reactions of carbon-centered $-type monoand polyradicals have been of interest in our laboratories since they play an important role as
intermediates in organic reactions, such as combustion reactions,13,14 and in biological activity of
naturally occurring enediyne antitumor antibiotics.15,16 Extensive studies of these species have
provided valuable insights on their reactivity controlling parameters and reaction pathways.17 This
dissertation focuses on gas-phase reactivity of sixteen protonated meta-pyridynes toward methanol,
gas-phase reaction mechanisms of three charged ortho-pyridynes previously studied by Dr.
Bartlomiej J. Jankiewicz18 and gas-phase reactivity studies of two novel pentaradicals, the
1,2,4,5,7-pentadehydroquinolinium cation and the 1,2,4,6,8-pentadehydroquinolinium cation,
toward cyclohexane.

1.2

Thesis Overview
The research discussed in this dissertation focused on the development of a functional-group

selective ion-molecule reaction for the identification of protonated molecules containing
carboxylic acid functionalities and the gas-phase reactivities of charged bi- and polyradicals.
Chapter 2 discusses the principles of MS analysis and the experimental aspects of these studies.
The linear quadrupole ion trap (LQIT) and Fourier-transform ion cyclotron resonance (FT-ICR)
mass spectrometers are discussed. The measurement of gas-phase ion-molecule reaction
efficiencies and product ion branching ratios is also discussed.
Chapter 3 discusses the development of a method for the structural elucidation of protonated
molecules containing carboxylic acid functionalities in drug metabolite mixtures based on gasphase ion-molecule reactions. Using (isopropenoxy)trimethylsilane (ITS) as a reagent in the LQIT,
protonated molecules containing the carboxylic acid functionality can be quickly identified in a
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complex mixture. Quantum chemical calculations were used to evaluate the robustness of this
functional group-selective reaction.
Chapters 4 and 5 detail studies on the reactivities of charged bi- and polyradicals. Chapter 4
examines the reactivity of protonated meta-pyridynes toward methanol and mechanisms of
reactions of charged ortho-pyridynes, the 2-dehydropyridine cation, 2,3-didehydropyridinium
cation and 3,4-didehydropyridinium cation, with furan, tetrahydrofuran and allyl iodide reported
in the dissertation of Dr. Bartlomiej J. Jankiewicz.18 Chapter 5 investigates the reactivities of two
pentaradicals,

the

1,2,4,5,7-pentadehydroquinolinium

pentadehydroquinolinium cation, toward cyclohexane.

cation

and

the

1,2,4,6,8-
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EXPERIMENTAL AND FUNDAMENTAL ASPECTS OF LINEAR
QUADRUPOLE ION TRAP AND FOURIER-TRANSFORM ION
CYCLOTRON RESONANCE MASS SPECTROMETRY

2.1

Introduction
Mass spectrometry (MS) has become one of the most versatile tools for analysis of many

types of compounds and has evolved vastly since it was first invented over a century ago.1,2 Mass
spectrometers are used to solve a variety of problems, such as the characterization of complex
mixtures, determination of gas-phase reaction kinetics and structural elucidation of unknown
compounds.3–5 The continuous development of new MS techniques and applications enables many
different types of new experiments to be performed.
The first necessary step in MS involves evaporation and ionization of analytes of interest.
The separation of ions of different m/z values can then be performed in many different types of
mass spectrometers to produce a mass spectrum. In scanning instruments, such as triple quadrupole
mass spectrometers, a beam of ions is focused through the instrument and the ions are manipulated
differently in various locations of the instrument before they are scanned out for detection. In
trapping instruments, such as 3D and 2D quadrupole ion traps, ions are confined to one space
where they are manipulated and separated at different points in time before they are ejected for
detection. Trapping instruments are particularly useful for kinetic reactivity studies because they
can store ions for relatively long periods of time. For this dissertation research, two trapping mass
spectrometers were used: a linear quadrupole ion trap (LQIT) and a Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectrometer. The theoretical and fundamental aspects, as well
as experimental considerations of LQIT and FT-ICR mass spectrometers will be discussed in the
following sections.
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2.2

Ionization Methods
Evaporation and ionization of the analytes of interest is a critical first step in any mass

spectrometry experiment. A wide variety of ionization methods can be coupled to a mass
spectrometer, and the chemical properties of the analytes of interest determines which ionization
method should be used for a particular experiment. Each ionization method possesses its own
advantages and disadvantages for a given experiment. In this dissertation research, electron
ionization, chemical ionization, atmospheric chemical ionization and electrospray ionization were
used.

2.2.1

Electron Ionization
Electron ionization (EI), or electron impact ionization, is a universal ionization method and

was first introduced by Dempster in 1918.6 During an EI experiment, the neutral analyte of interest
is first evaporated into the mass spectrometer. This is usually done by heating although other
methods also exist. The gaseous analyte molecules are then bombarded with a beam of high energy
electrons, which typically have a kinetic energy of 70 eV. This will result in the ejection of an
electron from the analyte to produce a radical cation (molecular ion). During ionization, part of the
kinetic energy of the bombarding electron is absorbed as internal energy of the molecular ion and
if this energy exceeds the fragmentation threshold of the ion, then fragmentation will be observed.
These fragmentation patterns are extremely reproducible and can be used to identify unknown
compounds. However, fragmentation can also be a disadvantage when extensive fragmentation
results in the loss of all molecular ions and hence molecular weight information is lost. EI was
used in this dissertation research to form chemical ionization reagents to ionize radical precursors.
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2.2.2

Chemical Ionization
Chemical ionization (CI) involves the generation of reagent ions that in turn ionize the

neutral analyte molecules of interest.7,8 The reagent ions are often generated by using EI,
sometimes followed by CI. Several different CI reactions can be used to generate various ion types
from the analyte molecules, such as proton transfer, adduct formation and charge transfer. CI is
generally a much less energetic process than EI and thus, less fragmentation is observed.8 CI was
used in this dissertation research to form protonated meta-pyridyne precursors. A typical CI
reaction for the generation of a protonated molecule is shown in Scheme 2.1.

! + # $ → ! &∙ + 2# $
! &∙ + ! → !*& + ! − *

∙

, + !*& → ,*& + !
Scheme 2.1 Typical CI reaction for the generation of a protonated molecule, where X is the
reagent molecule, M is the analyte molecule, XH+ is the protonated reagent molecule and MH+ is
the protonated analyte molecule.
2.2.3

Atmospheric Pressure Chemical Ionization
Atmospheric pressure chemical ionization (APCI) is an atmospheric pressure ionization

technique that relies on a series of ion-molecule reactions to ionize an analyte.9,10 During APCI,
the solution containing the analyte is passed through a heated silica capillary along with a nebulizer
gas, typically N2. This combination creates a fine mist of droplets, which eventually become a
vapor containing nitrogen gas, as well as solvent and analyte molecules. Primary ions, usually
nitrogen molecular ions, are formed upon Corona discharge ionization of the nitrogen gas at
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atmospheric pressure. Ionized nitrogen molecules then ionize solvent molecules to generate radical
cations that react with neutral solvent molecules to generate protonated solvent molecules. These
ions ionize the neutral analyte molecules via proton transfer. Scheme 2.2 below shows the
reactions that occur during APCI when an analyte, M, is introduced into the ion source in water.

!" + $ % → !"' + 2$ %
!"' + *" + → *" +' + !"
*" +' + *" + → *, +' + +*
*, +' + - → -*' + *" +
Scheme 2.2 Cascade of ion-molecule reactions that occur when an analyte, M, is infused into an
APCI source in water.

APCI can be used to ionize polar and nonpolar compounds, and it can produce many different
types of analyte ions depending on the ionization conditions and solvents used.11–14 The high
number of collisions at atmospheric pressure during APCI allows for high ionization efficiencies
compared to ionization efficiencies of conventional chemical ionization methods.10 APCI was used
in positive ion mode to ionize bi- and polyradical percursors to form protonated precursors or
radical cations, and to ionize all compounds discussed in Chapter 3.

2.2.4

Electrospray Ionization
Electrospray ionization (ESI) is an atmospheric pressure ionization technique invented by

Fenn in 1989.15 It is widely used, especially in applications of MS to polar, thermally-labile
molecules, such as proteins and nucleic acids.16–19 ESI is considered a “soft” ionization technique
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because it does not cause significant fragmentation of analytes and thus, it has enabled mass
spectrometric analysis of whole proteins and even protein complexes. The ionization process is
shown in Figure 2.1.
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Figure 2.1 Illustration of the ionization process during ESI that forms protonated analytes (S =
solvent molecules, M = analyte molecule).

During ESI, the electric field at the capillary tip charges the surface of the solution
emerging from the capillary and as a result, the solution is nebulized into a fine mist of multiply
charged droplets. A drying gas, N2, is applied to aid in solvent evaporation and ion desolvation.20
As the droplets desolvate, the electrostatic repulsion in the droplets increases until it overcomes
the surface tension of the droplet.21 This critical point is called the Rayleigh instability limit. At
the Rayleigh instability limit, the droplets divide into smaller droplets. This process is repeated
many times to form very small droplets until all the solvent evaporates leaving only gas-phase ions.
Ion formation from the charged droplets is thought to occur via two competing mechanisms,
the charge residue model21 (CRM) and the ion evaporation model (IEM).22,23 According to the
charge residue model, all ions are formed via continuous evaporation of solvent molecules and
Coulombic explosions until a singly charged analyte ion is formed. According to the ion
evaporation model, as the droplets approach the Rayleigh instability limit, their surface charge
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becomes sufficiently large to allow for field desorption of analyte ions from the droplet. During
this process, analyte ions are quickly ejected into the gas phase from the highly-charged droplets.
Experimental observations suggest that small, singly charged ions are produced via the ion
evaporation model and large, multiply charged ions, such as clusters and proteins, are produced
via the charge residue model.21,24

2.3

Instrumentation and Experimental Aspects of Linear Quadrupole Ion Trap (LQIT) Mass
Spectrometry
All LQIT experiments were performed using Thermo Scientific LTQ linear quadrupole ion

trap mass spectrometers equipped with an APCI or ESI source.25,26 Each LQIT was operated using
a Dell OptiPlex workstation installed with Xcalibur and LTQ Tune software interfaces for
instrument control, data acquisition and data processing. The components of the LQIT mass
spectrometers are shown in Figure 2.2.

API Stack
Tube
Lens

Ion Optics
Multipole
Q00

Multipole
Q0

Multipole
Q1

Linear
Ion Trap

Ion
Source
Sweep Transfer
Cone Capillary

Skimmer Lens 0
Cone

Lens 1

Front
Conversion
Lens
Dynode

Figure 2.2 Components of the LQIT mass spectrometers.
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Each instrument contained three differentially-pumped regions, the atmospheric pressure
ionization (API) region, the ion optics region and the ion trap region. A Leybold T220/150/15S
triple-inlet turbomolecular pump maintained the pressure in each region and was evacuated by an
Edwards E2M30 rotary-vane mechanical pump. The first inlet maintained the region immediately
following the API stack at a pressure of 0.5 Torr – 100 mTorr. The second inlet maintained the
pressure at 1 mTorr in the region after lens 0 and before the ion trap (Figure 2.2). The third inlet
maintained the pressure in the ion trap region. This was the lowest pressure region of the LQIT
mass spectrometer and it was maintained at 1 x 10-5 Torr. This region contained ~3 mTorr of
helium buffer gas. The purpose the helium buffer gas will be discussed below.
After the ions were generated by APCI or ESI, they were drawn into the API stack, which
consisted of a heated transfer capillary, tube lens and skimmer cone (Figure 2.2). The tube lens
directed the ion beam to the entrance of the skimmer cone. The skimmer cone was placed off the
center of the transfer capillary to direct only ions into the mass spectrometer and prevent neutral
molecules from entering it. After the skimmer cone, the ions entered the ion optics that focused
the ion beam toward the ion trap. The ion optics consisted of two square quadrupoles, Q00 and Q0,
and a cylindrical octupole, Q1. A potential gradient was used to direct the ions in the z direction
toward the mass analyzer. To focus the ions to the center of the multipoles, the same phase of an
rf potential was applied to the opposing poles of the ion guides. Dc voltages were applied to the
lenses between each ion guide to enable transfer of ions from one ion guide into the other and to
inject ions into the ion trap.
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2.3.1

Ion Motion in the LQIT Mass Spectrometer
The ion trap consisted of four parallel hyperbolic rods that were divided into front, center

and back sections (Figure 2.3). Ions were trapped radially by application of opposite phases of an
rf potential to the rod pairs on the x- and y-axis and axially by a potential well generated by dc
voltages applied to the three sections of each rod. Ions were manipulated by the application of an
additional rf pulse to the x-rods and ejected for detection through slits in the center of the x-rods
into two detectors. The fundamental aspects of ion trapping, isolation, activation and detection are
discussed in detail in the following sections.

Back
Section

Y
Slit for
Ion Ejection

Z
X

Front
Section

Center
Section

Figure 2.3 Schematic of the trapping region of the linear quadrupole ion trap.
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2.3.1.1 Radial Motion
Ions were trapped radially by generating a quadrupolar rf electric field within the four
hyperbolic rods.26 A combination of dc and rf potentials were applied to the four rods to generate
the following potential, Φ& ,
±Φ& = ± ) − *+,-Ω/

Equation 2.1

where a dc potential of amplitude U, an rf potential with a peak-to-peak amplitude V and an angular
frequency Ω were applied continuously to the x-rods. The potential in the x-y direction, Φ01 , is
described in Equation 2.2,27,28
Φ01 =

23 (0 5 61 5 )
835

=

(96:;<=>?)(0 5 61 5)
835

Equation 2.2

where r0 is the radius of the circle inscribed within the quadrupole rods. Thus, the ions were
subjected to the forces described in Equations 2.3 and 2.4 in the x (Fx) and y (Fy) directions,
respectively,
@0 = A
@1 = A

B50
B? 5
B51
B? 5

= −CD

B2

= −CD

B2

B0

B1

Equation 2.3
Equation 2.4

where m is the mass of the ion, z is the number of charges in the ion and e is the elementary charge.
Rearrangement of Equations 2.3 and 2.4 leads to Equations 2.5 and 2.6 of ion motion.27,28
B50
B? 5
B51
B? 5

+
+

FGH
I835
FGH
I835

) − *+,-Ω/ J = 0

Equation 2.5

) − *+,-Ω/ L = 0

Equation 2.6

Equations 2.5 and 2.6 show that ions with x and y values smaller than r0 will have stable trajectories
in the ion trap. These equations resemble the general form of the Mathieu equation27–29 (Equation
2.7)
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B5M
BN 5

+ OM + 2QM +,-2R S = 0

Equation 2.7

where a and q are the Mathieu stability parameters. Therefore, by allowing
R=

>?

Equation 2.8

F

Equations 2.5 and 2.6 can be expressed as Mathieu equations 2.9 and 2.10.27–29
OM = O0 = −O1 =
QM = Q0 = −Q1 =

TGH9
I835 >5
UGH9
I835 >5

Equation 2.9
Equation 2.10

The Mathieu stability parameters of an ion must fall within a stability region of the Mathieu
stability diagram for the ion to have a stable trajectory in the ion trap. Figure 2.4 shows the Mathieu
stability diagram. Ions have stable trajectories in terms of both a and q inside the overlap region.
To trap ions with a large range of m/z values, the LQIT was operated at a = 0. When rf amplitude
V is increased, the q value of an ion increases. When the q value of an ion reaches 0.908, its
trajectory in the x-y direction becomes unstable and it is ejected from the ion trap. As shown in
Equation 2.10, the q value is inversely proportional to the m/z value of the ion and thus, ions with
a low m/z value are ejected first.
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Figure 2.4 The Mathieu stability diagram. The colored circles represent ions of different m/z
values. Ions that have a and q values within the stable region of the Mathieu stability diagram
shown above have stable trajectories within the LQIT.

The secular frequency, VM , of each ion can be calculated by the following equation:
VM =

WX >

Equation 2.11

F

where Ω is the angular frequency of the rf field applied to the rods and YM is the approximation for
a q value less than 0.4.29 YM is defined as:
YM =

OM +

Z5
F

Equation 2.12

According to Equation 2.12, the maximum value for YM is 1. Therefore, the maximum secular
frequency of an ion is one half of the applied rf angular frequency. Since the secular frequency of
an ion is directly proportional to its q value and inversely proportional to its m/z value, ions with
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larger m/z values will have smaller q values and oscillate at lower secular frequencies than ions
with smaller m/z values.

2.3.1.2 Axial Motion
Ions were trapped axially (z-direction) by applying dc potentials to each section of the ion
trap (Figure 2.5). Higher potentials were applied to the front and back sections compared to the
center section. This created a dc potential well that confined the ions to the center section and as a
result, they were more efficiently ejected through the slits in the x-rods.26
To enhance trapping efficiency, ~3 mTorr of helium buffer gas was introduced into the ion
trap.26 Helium acts as a dampening gas to cool the ions via multiple collisions after they enter the
ion trap. Collisions with helium buffer gas lower the ions’ kinetic energies, decreasing the
amplitudes of their oscillations and thus, they remain closer to the center of the ion trap. This
allows them to be ejected more efficiently through the slits in the x-rods to the detectors. The
addition of helium leads to increased sensitivity, mass accuracy and resolution of the LQIT.
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Figure 2.5 Potential energy well created via application of dc potential to each section of the ion
trap of LQIT. Greater dc potentials are applied to the front and back sections (DC 1) compared to
the center section (DC 2).

2.3.2

Mass Analysis and Ion Detection
Ions were ejected from the ion trap by using resonance ejection.30–32 As discussed in Section

2.3.1.1, the LQIT was operated at a = 0 to trap ions with a large range of m/z values. When the
mass analyzer is operated in this way, mass analysis can be performed by linearly scanning the rf
amplitude and by applying a supplemental rf voltage. During the ramp of the main rf voltage, the
supplemental rf voltage was applied at a fixed frequency to the x rods of the LQIT. As the main rf
voltage was increased, some ions’ secular frequencies became resonant with the supplementary rf
frequency (Figure 2.6). As a result, the ions gained additional kinetic energy, which increased the
amplitude of their oscillations, causing them to be ejected from the ion trap in the x-direction at q
= 0.880. Resonance ejection allows for fast ejection of ions so that ions are ejected in tight packets.
This results in increased resolution and sensitivity.31,32
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Figure 2.6 Mathieu stability diagram showing how ions are ejected from the LQIT by using
resonance ejection.

After ions were ejected from the ion trap, they were detected by a two-component detection
system placed on each side of the ion trap (Figure 2.7).26 Each detection system consisted of a
conversion dynode and an electron multiplier. Ions were attracted to the conversion dynode by
application of a large dc potential (+15 kV for negative ions and -15 kV for positive ions). The
ions hit the surface of the conversion dynode, generating secondary particles, such as negative
ions, positive ions, electrons, and/or neutral molecules, which subsequently struck the inner walls
of the electron multiplier with sufficient energy to eject electrons. The ejected electrons were
drawn farther into the electron multiplier by an increasingly positive potential gradient. As they
traveled down the funnel-shaped electron multiplier, they repeatedly hit its inner walls, emitting a
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cascade of electrons. The current ultimately collected at the anode is proportional to the number
secondary particles that initially hit the cathode.
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Figure 2.7 Ion detection system that consists of a conversion dynode and an electron multiplier.

2.3.3

Tandem Mass Spectrometry
Tandem mass spectrometry (MSn) experiments involve isolation of an ion of interest

followed by reactions.33,34 This sequence of events may be repeated several times and occur
tandem-in-time in the LQIT.
2.3.3.1 Ion Isolation
To isolate ions of a particular m/z value, the instrument takes advantage of the fact that
ions stored at different q values have different oscillatory frequencies. To eject only the unwanted
ions from the trap, the q-value of the ions to be isolated was set to 0.830. A tailored rf waveform
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(5 – 500 kHz multi frequency waveform) was then applied to the x-rods at the secular frequencies,
or q values, of all ions except the ion of interest in order to eject them from the trap (Figure 2.8).26
After isolation, the q-value of the isolated ions was usually set to q = 0.25.

rf potential

Ion of Interest

m/z
(Secular Frequencies)

Figure 2.8 Tailored rf waveform applied to x-rods showing a notch where the secular frequency
matches that of the ion of interest.

2.3.3.2 Collision-Activated Dissociation (CAD)
Collision-activated dissociation (CAD) was employed to obtain structural information for
isolated ions and to generate interesting radical species in the gas phase. In the LQIT, CAD is a
slow heating method. Ions (usually with a q-value of 0.25) were subjected to dipolar excitation to
accelerate them. This was accomplished by applying a supplementary rf potential to the x-rods at
the same secular frequency as that of the ions of interest for 30 ms. This increased the orbit of ion
motion in the radial direction, which promoted multiple energetic collisions with the helium buffer
gas.35,36 Upon collisions, some of the ion kinetic energy was converted into ion internal energy.
This process occurred until the ion gained enough internal energy to dissociate. During CAD, only
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the precursor ion was excited, which usually prevents dissociation of the fragment ions. After CAD,
the ions were subjected to mass analysis using the method described above.
It should be noted here that there is a trade-off between efficient activation of the precursor
ions and efficient trapping of the fragment ions, as the q value during CAD greatly influences these
processes. At higher q values, ions have higher oscillatory frequencies, and hence higher kinetic
energies, which results in more fragmentation. However, the observable mass range for fragment
ions is decreased at higher q values because ions with lower mass values are no longer trapped.
The activation q value of 0.25 was chosen so that ions are excited to relatively high kinetic energies
while still efficiently confining fragment ions with a large mass range.

2.3.3.3 Instrument Modifications for Studies on Ion-Molecule and Radical Reactions in the LQIT
An external reagent mixing manifold had been added earlier to the Thermo Scientific LTQ
linear quadrupole ion traps used in this research to allow studies of reactions between ionized
analytes or charged radicals and reagents (Figure 2.9).37,38 The reagents were introduced into the
manifold by using a syringe drive at a flow rate of 3-10 µL/hr and diluted with helium with a flow
rate of approximately 500 mL/min. The entrance of the syringe port and the surrounding area were
heated up to 100 ºC to ensure evaporation of the reagent. The mixture was directed into a variable
leak valve that allowed part of the mixture to enter the ion trap at a flow rate of 2 mL/min while
directing the excess to an exhaust line. The principles of ion-molecule reactions will be discussed
in section 2.5.

22

Figure 2.9 Schematic of the reagent mixing manifold used to introduce reagents into the LQIT.

2.4

Fourier-transform Ion Cyclotron Resonance Mass Spectrometry: Instrumentation and
Experimental Considerations
Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometry is a trapping mass

spectrometric technique that is used to obtain high resolution measurements. It is also used to
perform multiple stages of mass separation and analysis combined with dissociation and ionmolecule reactions.39–43 FT-ICR mass spectrometers are usually equipped with superconducting
magnets and the performance of FT-ICR mass spectrometers depends strongly on the strength of
the magnetic field. A stronger magnetic field yields higher mass accuracy, resolution and
sensitivity.40
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Figure 2.10 Schematic of the 3 T dual-cell FT-ICR mass spectrometer.

In this dissertation research, reactions of some protonated meta-pyridynes with ethanol
were examined in a ~3 T Extrel model FTMS 2001 mass spectrometer and attempts were made to
generate other protonated meta-pyridynes. The instrument was controlled by IonSpec Omega8
software on a Dell working station operating Windows XP SP2. The nominal baseline pressure for
this instrument was 1 x 10-9 Torr as read by the Bayard-Alpert ion gauges on each side of the dual
cell. The high vacuum was maintained by two Pfeiffer HiPace700 turbomolecular pumps each
backed by an Alcatel rotary vane mechanical pump. A schematic of the instrument is shown in
Figure 2.10.
Both sides of the instrument were equipped with various inlets for introduction of gaseous,
liquid and solid samples into the high vacuum chamber. Gaseous samples, such as argon and
helium, were introduced via a set of two pulsed valves. Highly volatile liquids, such as methanol
and ethanol, were introduced and maintained at a constant pressure using a batch inlet containing
a Varian leak valve. Nonvolatile solids, such as the radical precursors, were introduced using a
heated solids probe.
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All ion manipulation and analysis in the FT-ICR mass spectrometer were performed in the
dual-cell assembly comprised of two cubic 2 x 2 x 2 inch cells that share one common plate
(conductance limit; Figure 2.11). The cells were placed at the center of the vacuum chamber and
aligned with the homogeneous magnetic field. Each cubic cell consisted of three pairs of opposing
plates that were paired by function (Figure 2.11). Trapping plates were perpendicular to the
magnetic field and were used for confining ions along the magnetic field by applying a small
repulsive potential to them (typically +2 V). The conductance limit was positioned as a trapping
plate between the two cells. It contained a 2 mm hole in the center, which allowed ions to be
transferred from one cell into the other when the conductance limit was grounded. The remaining
pairs of plates were positioned parallel to the magnetic field and used for excitation and detection
of ions.

Detection plate Conductance limit
Excitation plate

B

Trapping plate

Magnetic field

Source cell

Analyzer cell

Figure 2.11 Diagram of the dual cell.
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2.4.1

Ion Motion in the FT-ICR Mass Spectrometer
Ion motions in the FT-ICR cell are influenced by a combination of the applied electric and

magnetic fields. Equation 2.13 describes the force F experienced by an ion with a charge q and a
velocity v as the sum of the forces experienced by the ion’s interactions with the electric field E
and the magnetic field B.42
@ = Q[ + Q(\ ⊗ ^)

Equation 2.13

Due to this force, an ion in the FT-ICR cell experiences three different types of motion, cyclotron,
trapping and magnetron motion. Cyclotron motion results from the force experienced by
interaction of an ion with the magnetic field and the frequency of an ion’s cyclotron motion is
directly measured in FT-ICR mass spectrometry. In the presence of the magnetic field B, an ion
with a charge q experiences an inward-directed Lorentz force, FLorentz. This force is perpendicular
to the direction of the ion’s velocity and is defined by the charge q of the ion, its velocity vxy in the
in the x-y direction and the strength of the magnetic field B as shown in Equation 2.14.
@_<8H`?G = Q\01 ^

Equation 2.14

The ion also experiences an outward-directed centripetal force. The balance of the Lorentz
force and centripetal force causes the ions to travel in a circular motion called cyclotron motion
(Figure 2.12). The centripetal force Fcentripetal depends directly on the mass m of the ion, its velocity
in the x-y direction vxy and the radius r of its circular orbit as shown in Equation 2.15.
@;H`?8abH?cd =

Iefg 5
8

Equation 2.15

When FLorentz and Fcentripetal are equal, as is the case for an ion trapped in a FT-ICR, ion motion can
be described by Equation 2.16.
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Q\01 ^ =

Iefg 5

Equation 2.16

8

Since the frequency of the ion’s cyclotron motion fc can be defined as h; =

efg
Fi8

, substitution and

rearrangement of Equation 2.16 leads to Equation 2.17 below.
h; =

Zj

Equation 2.17
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Figure 2.12 Cyclotron motion of a positively charged ion in the ICR cell.

As described in Equation 2.17, the ion cyclotron frequency is determined by three physical
parameters, the strength of the magnetic field B, the charge q of the ion and the mass m of the ion.
Since the magnetic field is held constant, an ion’s mass-to-charge ratio can be determined by
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measuring its cyclotron frequency, which is independent of its initial velocity and thus, its kinetic
energy. In other words, the mass-to-charge ratio of an ion can be determined via measurement of
its cyclotron frequency alone. Since the ions’ cyclotron frequency is directly measured, FT-ICR
mass spectrometry can be used to determine the mass-to-charge ratio of an ion at very high
resolution and mass accuracy.40
Although the motion of an ion in the x-y direction is directed by the magnetic field, it
experiences no force along the magnetic field (z-axis). As a result, the ion is free to drift along the
z axis and out of cell. To prevent ions from drifting out of the cell in the z direction, an additional
constraining force is needed. In this dissertation research, ions were trapped in the z direction by
applying a potential of +2 V to the trapping plates. Application of these potentials created a
potential well that caused the ions to oscillate between the two trapping plates.40 This oscillation
is a second type of ion motion within the ICR cell, trapping motion (Figure 2.13). The frequency
of the trapping motion ft of an ion with mass m and charge q is described by Equation 2.1844
h? =

k

Zl:m

iB

I

Equation 2.18

where d is the distance between the two trapping plates, n is the geometric constant that depends
on the shape of the cell and Vt is the trapping potential.
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Figure 2.13 Illustration of ion cyclotron and trapping motions in the cell.

Finally, a third type of ion motion, magnetron motion, is an undesired motion created by
the combination of magnetic and electric fields in a cell with finite dimensions. Due to this
combination, the ions experience an outward electric force that pushes them away from the center
of their cyclotron orbits. In other words, when a positive potential is applied to the trapping plates,
an inward electric field is created along the z-axis, but an outward electric field is also created in
the x-y plane (Figure 2.14). Consequently, ions are pushed away from the center of their cyclotron
orbits in the x-y plane when they experience collisions that lower their kinetic energy. The
frequency of the magnetron motion of an ion is described in Equation 2.19.
hI =

l:m
iB 5 j

Equation 2.19
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Figure 2.14 Electric field lines generated along the x, y and z-axes in a cubic cell when a positive
potential is applied to the trapping plates.

According to Equation 2.19, the magnetron frequency is independent of the mass-to-charge ratio
of an ion. Magnetron frequencies are significantly lower than cyclotron frequencies. Thus, they
serve no analytical purpose and are not detected. However, magnetron motion does effect ion
behavior because it causes radial ion diffusion, which adversely affects resolution and mass
accuracy.40 An overall illustration of ion motion resulting from cyclotron motion, trapping motion
and magnetron motion is shown in Figure 2.15.
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Trapping motion

B

Magnetron
motion

Cyclotron motion
Figure 2.15 An illustration of an ion’s cyclotron, magnetron and trapping motions in the ICR
cell. Note that the radius of the magnetron motion is exaggerated.

2.4.2

Kinetic Excitation for Ion Detection, Isolation and Collision-Activated Dissociation
Ion detection, isolation and collision-activated dissociation in FT-ICR mass spectrometry

requires kinetic excitation of the ions. Generally, in order to kinetically excite ions in the ICR cell,
an rf pulse is applied 180º out of phase to the pair of excitation plates. This excites the ions whose
cyclotron frequency is in resonance with the frequency of the rf pulse, increasing the radius of
their cyclotron motion (Figure 2.16). Thus, kinetic excitation of an ion can be specific its mass-tocharge ratio. In other words, if the ion’s cyclotron frequency is not in resonance with the rf pulse,
it will remain unperturbed in the center of the cell.
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Figure 2.16 Kinetic excitation of ions to a larger cyclotron radius by applying a rapid rf
frequency sweep, or rf chirp, to the excitation plates.

An ion’s cyclotron radius, re, after excitation, is defined by Equation 2.20
oH =

:pqp rs
Flj

Equation 2.20

where Vp-p is the peak-to-peak voltage applied to the excitation plates, Te is the excitation time, n
is the distance between the excitation plates and B is the magnetic field strength. According to
Equation 2.20, the cyclotron radius of an ion after excitation is independent of the mass-to-charge
ratio of the ion. Therefore, application of an rf pulse with the same amplitude but with different rf
frequencies will excite ions with different mass-to-charge ratios to the same cyclotron radius.
2.4.3

Ion Detection
For ion detection, ions were kinetically excited to increase the radius of the ions’ cyclotron

motion and move them closer to the detection plates. Kinetic excitation of ions of different massto-charge ratios was performed by using a rapid rf frequency sweep called rf chirp.41,44 Upon chirp
excitation, all ions with a cyclotron frequency within the frequencies of the rf sweep were
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coherently excited to a larger cyclotron orbit. As they passed the two detection plates, an image
current45 was induced, which was then digitized and stored (Figure 2.17). The image current is a
direct measurement of the combined cyclotron frequencies and amplitudes of the all the ions that
were excited for detection. The image current is detected as a function of time and converted to
voltage, and by using Fourier transformation, converted into the frequency domain spectrum. The
frequency spectrum is then converted into a mass spectrum by using a frequency-to-mass
calibration equation.

+
-

++
+++
+

Image current

Figure 2.17 As the ions travel near the detection plates, they induce an image current.

Unlike ion detection in LQIT mass spectrometers, detection of ions in the FT-ICR mass
spectrometer is a non destructive process and can be performed for a long period of time. By
measuring the ion signal longer, a higher resolution measurement can be obtained. However, the
amplitude of the signal will decay with time due to collisions of the ions with neutral atoms or
molecules in the cell. Such collisions cause the coherent trajectories of ions with the same m/z
ratios to become incoherent because they decrease the ions’ cyclotron orbit while expanding the
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ions’ magnetron radius. As a result, the ions move away from the center of the cell and eventually
undergo neutralizing collisions with the excitation and detection plates, which significantly
reduces the resolution of the measurement.40 To achieve high resolution in FT-ICR mass
spectrometry, ultra-high vacuum is critical.

2.4.4

Ion Isolation
Two kinetic excitation methods were employed to eject unwanted ions from the ICR cell,

chirp41,44 and a stored waveform inverse Fourier transform (SWIFT) pulse.46,47 By using chirp, all
unwanted ions in a specified mass range are excited into a cyclotron radius that is larger than the
dimensions of the cell. Chirp for ejecting unwanted ions is applied for a longer period of time than
the chirp for ion detection. This causes the ions to continue to spiral outward until they collide into
cell plates. However, the rf amplitude can vary during the frequency sweep. Thus, chirp does not
always uniformly excite all ions within a specified mass range and some unwanted ions can remain
in the ICR cell after chirp is applied.40
Stored-waveform inverse Fourier-transform (SWIFT) excitation, a tailored method of ion
excitation, was used to overcome the disadvantage discussed above.46,47 SWIFT excitation was
used in this dissertation research by first specifying the frequency domain of the ions (based on
their m/z values) that were to be excited. The SWIFT waveform was generated by applying an
inverse Fourier-transformation to specified frequency domain to generate a waveform in the time
domain.48 The SWIFT waveform was then applied to excite all ions with the specified frequencies
at the same time. In general, application SWIFT results in improved ion isolation and ion
ejection.46,47 In this dissertation research, SWIFT excitation was used for ion isolation in cases
where chirp excitation did not sufficiently eject an unwanted ion.
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2.4.5

Sustained Off-Resonance Irradiated Collision-Activated Dissociation
As described in section 2.3.3.2, to perform CAD experiments, ions must be kinetically

excited and allowed to collide with an inert gas. When on-resonance CAD is employed in the FTICR, ions are excited to large cyclotron radii and as a result, fragment ions are formed away from
the center of the cell. This makes their detection challenging. A variation of CAD called sustained
off-resonance irradiated collision-activated dissociation (SORI-CAD) was introduced to overcome
this problem.49 SORI-CAD involved the application of an rf pulse to the excitation plates whose
frequency was +/- 1000 Hz off-resonance from the precursor ion’s cyclotron frequency. This
caused the ion’s cyclotron radius to increase and decrease rapidly. During SORI-CAD, the ion
gains much less kinetic energy compared to on-resonance CAD and thus, remains close to the
center of the ICR cell. As the ions were excited, they were allowed to collide with argon gas
introduced through the pulsed valve inlet system. Similar to CAD in LQITs, collisions with argon
under above conditions induce fragmentation via the lowest energy fragmentation pathways.
SORI-CAD was used in this dissertation research to generate protonated meta-pyridynes.

2.4.6

Ion Transfer
A notable advantage of a dual-cell FT-ICR mass spectrometer is that ions can be generated

in one cell and then be transferred into the second, clean cell that is differentially pumped. In this
second cell, the ions can be subjected to dissociation and/or ion-molecule reactions and then be
detected. This setup was used in this dissertation research to ionize the radical precursors in the
first cell and then transfer them to a second, clean cell where they were subjected to SORI-CAD
to generate the radical sites. The charged radicals were then isolated and allowed to react with
ethanol introduced via the batch inlet into the second cell. In order to transfer ions from one cell
into the other, the conductance limit was grounded for a brief period of time (approximately for

35
A/C J 10 w-) depending on the mass-to-charge ratio of the ion to be transferred (Figure 2.18).
The trapping in the first cell was set to 2.1 V and trapping plate in the second cell was set to 1.9
V. This caused the ions to traverse into the other cell through the 2 mm hole in the center of the
conductance limit. After transfer, a potential of +2 V was applied to the conductance limit to trap
the ions in the second cell. The ions gain kinetic energy during transfer and thus, they were
collisionally cooled with argon pulsed into the instrument and allowed to cool for approximately
1 s before further manipulation.
As discussed in section 2.4.1, magnetron motion causes ions to move away from the center
of cell, reducing the efficiency of ion transfer from one cell to the other. Quadrupolar axialization
(QA) and the presence of a relatively high pressure of a collision gas can be used to convert
magnetron motion to cyclotron motion and thus, increase transfer efficiency.50,51 During QA,
quadrupolar excitation at the cyclotron frequency of the ion to be transferred was achieved
applying the same phase of an rf pulse to both of the excitation plates while applying the opposite
phase to both of the detection plates. Upon collisions with helium, the ions of interest, which are
in resonance with the applied rf field, return into the center of the cell while all other ions undergo
radial diffusion. In this dissertation research, helium was pulsed into the cell at a pressure of ~1 x
10-5 Torr during quadrupolar excitation.
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Figure 2.18 Depiction of ion transfer in the dual-cell FT-ICR mass spectrometer.

2.5

Gas-Phase Ion-Molecule Reactions
Gas-phase ion-molecule reactions have been widely used for structural elucidation of a

variety of compounds, such as identification of functional groups in drug metabolites, peptides and
degraded lignin.52–56 Gas-phase ion-molecule reactions have also been used to study intrinsic
properties of highly reactive intermediates, such as carbon-centered $-type radicals, which are
difficult to investigate in solution.3 In this dissertation research, a functional group selective ionmolecule reaction for the identification of the carboxylic acid functionality in protonated drug
metabolites was examined and the gas-phase reactivities of charged $-type bi- and polyradicals
toward organic substrates were studied.

2.5.1

Brauman’s Double Well Potential Energy Surface
The potential energy surface for a reaction between an ion and a neutral molecule that

occurs in solution is shown in Figure 2.19a. In solution, the system must overcome the transition
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state that is higher in energy than the separated reactants. This is due to the different extent of
solvation of the reactants and the transition state: the transition state is not as well solvated as the
reactants. In order for the reaction to proceed, additional energy, such as heating, is required for
the system to overcome solvation that separates the reactants and the reaction barrier. Ion-molecule
reactions in the gas phase proceed along a different potential energy surface. The Brauman doublewell potential energy surface is commonly used to model gas-phase ion-molecule reactions (Figure
2.19b).57,58 Before a gas-phase ion-molecule reaction, the ion and the neutral molecule collide to
form a reactant complex. The system gains energy from solvation of the ion by the neutral reagent
molecule, lowering its potential energy. This solvation energy is now available for the system to
overcome reaction barriers. The total energy of the system is conserved and thus, the total reaction
must be exothermic to occur. Endothermic ion-molecule reactions, or when the reaction barriers
are greater than the total energy of the system, are very slow in the gas phase.
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a)
[A- - -B- - -C]

A+ + BC
AB+ + C

b)
[A- - -B- - -C]
A+ + BC

AB+ + C

Figure 2.19 Potential energy surface for an ion-molecule reaction in a) solution and b) gas phase.

Gas-phase ion-molecule reactions do not always proceed to form products even when the
system has enough energy to overcome barrier heights. Instead, the reactant complex dissociates
back to the separated reactants. Dissociation of the reactants is entropically more favorable than
proceeding through rigid transition states that require a specific orientation of the ion and the
molecule (Figure 2.20). Thus, gas-phase ion-molecule reactions that must proceed through rigid
transition states do not occur at collision rate.58
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Figure 2.20 Brauman double-well potential energy surface and energy level spacings showing
the rigid transition states of a gas-phase ion-molecule reaction.

2.5.2

Determination of Ion-Molecule Reaction Rate Constants and Reaction Efficiencies
Gas-phase ion-molecule reactions typically follow second order kinetics, which can be

described by Equation 2.21, where t is the reaction time, k is the second order reaction rate
constant, [N] is the concentration of the reagent and [I] is the concentration of the ion.
/=x y z

Equation 2.21

However, if the reagent is introduced at a much higher concentration than the reacting ions, as is
the case in this dissertation research, one can assume that its concentration remains constant over
the entire reaction time. As a result, the studied reactions follow pseudo-first-order kinetics
(Equation 2.14).

/ = x<{= [z]

Equation 2.22
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where x<{= = x[y] and is experimentally determined from the slope of the decay in the abundance
of the reacting ion over time. Substitution and rearrangement of the above equations gives the
following expression for the second-order rate constant k (Equation 2.23):

x=

~ÄÅ
[Ç]

Equation 2.23

The concentration of the reagent [N] was obtained from the measured pressure P of the reagent by
the ion gauge. The pressure was then converted to concentration by using a conversion factor of 1
Torr = 3.239 x 1016 molecules/cm3 to give Equation 2.24.

x=

~ÄÅ
(É)(Ñ.FÑÜ 0 k&áà )

Equation 2.24

The ion gauge was corrected for its sensitivity toward the reagent by using the Baratron factor (B/I)
for the reagent. The distance of the ion gauge from the ion trap was also corrected for by
determining an ion gauge correction factor (IGCF). The IGCF was determined by measuring the
rate of a highly exothermic proton transfer or electron transfer reaction, which are assumed to
occur at collision rate. The final expression for the experimentally-determined second-order
reaction rate constant is shown in Equation 2.25.

x =

â
ä

6~ÄÅ
∗åçéè∗É∗Ñ.FÑÜ 0 k&áà

Equation 2.25

The second-order rate constant k is used to calculate the reaction efficiency, or the percentage of
collisions that lead to a reaction. The reaction efficiency is calculated by using Equation 2.26,
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[hhê+êDë+L =

~
~íìì

J 100

Equation 2.26

where kcoll is the theoretical collision rate constant calculated by using parameterized trajectory
theory.59 The collision rate constant kcoll depends on the mass, dipole moment and polarizability of
the reagent and the m/z value of the ion.59 In this dissertation research, experimentally-determined
rate constants were used to calculate efficiencies for all reactions of bi- and polyradicals with
organic substrates.
Branching ratios of the primary products formed were determined by dividing the
abundance of each primary product ion by the sum of the abundances of all primary product ions.
Primary products were distinguished from secondary products by examining their relative
abundances at early reaction times. Products that began to form at later reaction times relative to
primary products were considered secondary products. Secondary products were also identified by
isolating primary products and allowing them to react with the reagent.
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IDENTIFICATION OF CARBOXYLIC ACID FUNCTIONALITIES IN
PROTONATED DRUG METABOLITES BY USING TANDEM MASS
SPECTROMETRY BASED ON ION-MOLECULE REACTIONS
COUPLED WITH HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY

3.1

Introduction
Unknown impurities, degradation products and metabolites can be formed at many stages of

the drug discovery and development process.1-3 Quick structural elucidation of these compounds
is crucial to the pharmaceutical industry. Mass spectrometry has been adopted to many stages of
the drug discovery process due to its ability to analyze complex mixtures with high sensitivity,
specificity and speed.
MS coupled with high-performance liquid chromatography (HPLC) has become a powerful
tool and a gold standard for mixture analysis in the pharmaceutical industry.4 While HPLC/MS
can separate complex mixtures, known standards are required to unambiguously identify all the
compounds in a mixture.5 Mixture analysis by HPLC/MS becomes increasingly challenging when
standards for an unknown compound cannot be obtained or synthesized.5
Tandem MS based on CAD often provides useful structural information for an ionized
unknown compound.3,6 However, in many cases, CAD cannot be used to unambiguously identify
the presence of specific functionalities in ionized analytes.3,7-9 In these situations, tandem mass
spectrometric methods based on ion-molecule reactions can enable the identification of the
functional groups.10 Our laboratories have developed a library of functional group selective ionmolecule reactions for the identification of ionized drug metabolites via tandem mass
spectrometry.11-20 Two reagents, diethylmethoxyborane and trimethyl borate, have been reported
for the identification of deprotonated and ammoniated compounds containing the carboxylic acid
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functionality, respectively.21,22 To expand the types of ions that can be studied and to add to our
library of functional group-selective ion-molecule reactions, a method based on a diagnostic
reaction

of

protonated

analytes

with

a

carboxylic

acid

functionality

with

(isopropenoxy)trimethylsilane (ITS) was developed. Specifically, gas-phase reactions of ITS are
demonstrated here to enable the identification of carboxylic acid functionalities in protonated
polyfunctional analytes. This MS/MS method was coupled with HPLC to demonstrate the
applicability of the method to fast metabolite screening for mixtures.

3.2

Experimental
Benzoic acid (99.5%), 3-aminobenzoic acid (98%) , 4-aminobenzoic acid (99%), 4-

acetamidobenzoic acid (98%), 4-methoxybenzoic acid (99%), 2-amino-6-chlorobenzoic acid
(98%), salicylic acid (99%), trans-cinnamic acid (99%), trans-3-hydroxycinnamic acid (99%), 4hydroxybenzoic acid (99%), hexanoic acid (99%), oxcarbazepine (98%), carbamazepine (99%),
2-methyl-4-nitropyridine N-oxide (97%), 4-nitropyridine N-oxide (97%), 4-methylpyridine Noxide (98%), diphenylamine (99%), benzylamine (99%), aniline (99.5%), benzophenone (99%),
cyclohexanone (99%), N,N-diethylhydroxylamine (98%), N-cyclohexylhydroxylamine (97%),
butyl sulfone (99%), 4-aminophenyl sulfone (97%), benzenesulfonamide (98%), 4-(2aminoethyl)benzenesulfonamide

(99%),

methanesulfonamide

(97%),

4-

hydroxybenzenesulfonamide, diphenyl sulfoxide (96%), ibuprofen (98%), ketoprofen (98%),
methyl phenyl sulfone (98%), naproxen (98%), clozapine N-oxide, celecoxib (98%), N-(2benzenefulfonylethyl)-N-phenylhydroxylamine and (isopropenyoxy)trimethylsilane (85%) were
purchased from Sigma Aldrich (Saint Louis, MO, USA) and used as received. High performance
liquid chromatography-mass spectrometry (HPLC/MS) grade water, methanol and acetonitrile
were purchased from Fisher Scientific (Pittsburgh, PA, USA).

47
All mass spectrometry experiments were performed using a modified Thermo Scientific
LQIT mass spectrometer (described in Chapter 2) equipped with an APCI source and operated in
positive ion mode. Sample solutions were prepared at a concentration of 1 mmol in 50/50 (v/v)
methanol/water solution. The sample solutions were injected into the ion source at a flow rate of
20 µL/min. Typical APCI conditions were: 300 °C vaporizer temperature, 30 (arbitrary unit)
sheath gas (N2) flow, 15 (arbitrary unit) auxiliary gas (N2) flow, and 5 µA discharge current.
Protonated analytes were generated. Analyte ions were isolated in the ion trap by using an isolation
window of m/z 2 and a q value of 0.25. The isolated ions were allowed to react with ITS for up to
15 s at a q value of 0.25 before all ions were ejected for detection. The LQIT mass spectrometer
was equipped with a previously described external reagent mixing manifold that was used to
introduce the reagent (ITS) into the ion trap.23,24 ITS was introduced into the manifold by using a
syringe drive at a flow rate of 10 µL/h, which directed the reagent into a flow of helium (500
mL/min).
The method used to measure reaction efficiencies in this study is different than the method
described in Chapter 2. Reaction efficiencies were calculated by measuring the rate of each ionmolecule reaction and the rate of a highly exothermic proton transfer reaction (assumed to occur
at collision rate) from protonated acetone to the reagent, ITS under exactly the same experimental
conditions.11 The rates were determined by monitoring the abundances of the reactant ions over
time. The slope of a semi-logarithmic plot of the decay of the reactant as a function of time
corresponds to the rate constant, k, times the concentration of the reagent, ITS. The reaction
efficiency can then be calculated by using Equation 3.1,
á
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Equation 3.1
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where slope(IM) is the slope of the decay of the abundance of the analyte ion reacting with ITS,
slope(PT) is the slope of the decay of the abundance of protonated acetone reacting with ITS, Mi
is the mass of the analyte ion, M(PT) is the mass of protonated acetone, Mn is the mass of the reagent
(ITS), and PnP(IM) and PnP(PT) are the pressures read by the ion gauge for the reagent during the
reaction of the analyte ion and protonated acetone, respectively.
All HPLC separations were performed on a Surveyor Plus HPLC system. Compounds were
introduced into the HPLC/MS via an autosampler and full-loop injection volume for high
reproducibility. A Zorbax SB-C18 column (4.6 mm x 250 mm, 5 µm particle size) purchased from
Agilent Technologies (Santa Clara, CA, USA) was employed. Solutions containing 0.1% (v/v)
formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B) were used as the mobile
phase. The following gradient was used: 0.00 min, 80% A and 20% B; 23.00 min, 25% A, 75% B;
24.00 min, 5% A, 95% B, 24.99 min, 5% A, 95% B, 25.00 min, 80% A, 20% B; and 35.00 min,
80% A, 20% B. The flow rate was 0.8 mL/min. The column was placed in a temperature-controlled
compartment where the temperature was maintained at 30 °C. Tandem mass spectrometric analysis
of the HPLC eluent was performed using selected ion monitoring.
All calculations were based on density functional theory (DFT) and were performed using
the Gaussian 09 software package. Proton affinities were calculated at the B3LYP/6-31G++(d,p)
level of theory. All neutral and protonated molecules’ lowest energy conformers were identified
using the Maestro 7.0 Macromodel conformational search using the MMFF94s force field. All
reaction enthalpies at 298 K were calculated at the M06-2X/6-311++G(d,p) level of theory.
Stationary points were determined by frequency calculations to have a correct number of
imaginary frequencies. All transition state structures were determined to contain exactly one
negative frequency.
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3.3

Results and Discussion
In a search for a reagent that would enable the mass spectrometric identification of

protonated analytes containing a carboxylic acid functionality, (isopropenoxy)trimethylsilane (ITS;
Figure 3.2a) was considered because it is commonly used to derivatize carboxylic acids to make
them more volatile for analysis by gas chromatography.25 In addition, this reagent has a low boiling
point (93 ºC), which enables quick removal from the ion trap after reactions.
Figure 3.1 shows the mass spectrum obtained after 30 ms reaction between ITS and
protonated 3-aminobenzoic acid. Three products were observed: protonated ITS (m/z 131), an
adduct that had lost an acetone molecule, [adduct – acetone]+ (m/z 210), and a secondary product
of this primary product ion, an adduct formed with a second ITS molecule that had lost an acetone
molecule, 2° [adduct – acetone]+ (m/z 282). Similar products were observed for all protonated
compounds containing a carboxylic acid moiety regardless of the presence of other functionalities
(Table 3.1).

Figure 3.1 Mass spectrum measured after 30 ms reaction between protonated 3-aminobenzoic
acid (M) and ITS.

ITS was also allowed to react with protonated compounds containing various other
functional groups but lacking a carboxylic acid moiety (Table 3.2). Protonated compounds
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containing N-oxide, sulfoxide, carboxamido, keto, amino, hydroxylamino, sulfone, phenol, nitro,
amido or sulfonamido functionalities and without a carboxylic acid functionality react with ITS to
form only the proton transfer product and the [adduct – acetone]+ primary product (Table 3.2).
Contrary to carboxylic acid containing molecules, these analytes did not produce a 2° [adduct –
acetone]+ product after a reaction time of one second. Thus, the observation of the secondary
adduct - acetone product appears to be diagnostic for protonated compounds with a carboxylic acid
functionality. Note that protonated compounds containing multiple nucleophilic functionalities,
such as sulfones and sulfonamides, were allowed to react with ITS until roughly 5% of the reactant
ion remained in order to make sure that the secondary product ion was not observed.
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Table 3.1 Product ions, their branching ratios and the efficiencies for reactions of protonated
compounds containing a carboxylic acid functionality with (isopropenoxy)trimethylsilane
(ITS) (proton affinity = 224 kcal/mol; calculated at the B3LYP/6-31G++(d,p) level of
theory)
Reactant (m/z of M+H)

Proton affinity
(PA, kcal/mol)

Product ions (m/z) and branching ratios

196a

Protonated ITS (131)
Adduct – acetone (195)
2º Adduct – acetone (267)

79%
21%

Adduct – acetone (210)
2º Adduct – acetone (282)
Protonated ITS (131)

73%

207a

(123)

27%

Reaction
efficiency
94%

97%

(138)
207

a

Adduct – acetone (210)
2º Adduct – acetone (282)
Protonated ITS (131)

83%
17%

45%

(138)

208

b

Adduct – acetone (252)
2º Adduct – acetone (324)
Protonated ITS (131)

95%
5%

33%

(180)
65%

---

Adduct – acetone (225)
2º Adduct – acetone (297)
Protonated ITS (131)

Protonated ITS (131)
Adduct – acetone (211)
2º Adduct – acetone (283)

57%

203c

Adduct – acetone (221)
2º Adduct – acetone (293)
Protonated ITS (131)

60%

---

Adduct – acetone (211)
2º Adduct – acetone (283)
Protonated ITS (131)

54%

Adduct – acetone (189)
2º Adduct – acetone (261)
Protonated ITS (131)

96%

Adduct – acetone (254)
2º Adduct – acetone (326)

100%

35%

99%

(153)

43%

26%

(149)

40%

81%

(165)

199c

46%

97%

(139)
O
OH

---

(117)
222d

4%

22%

46%

(182)
a

Experimentally determined PA value from reference 26. b Calculated PA value (calculated at the B3LYP/6-31G++(d,p) level of theory) from
reference 11. cCalculated PA value (calculated at the B3LYP/6-31G++(d,p) level of theory) from supporting information of reference 27.
d
Calculated at the B3LYP/6-31G++(d,p) level of theory.
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Table 3.2 Products, their branching ratios and the efficiencies for reactions of protonated
sulfones, hydroxylamines, sulfonamides, ketones, amines, N-oxides, sulfoxides and
carboxamides with ITS (proton affinity = 224 kcal/mol; calculated at the B3LYP/6-31G++(d,p)
level of theory).
Reactant (m/z of M+H)

Proton affinity
(PA, kcal/mol)
204a

Product ions (m/z) and branching ratios

Reaction
efficiency
33%

Adduct – acetone (251)
Protonated ITS (131)
Acetone adduct (237)

90%
6%
4%

218b

Protonated ITS (131)
Adduct – acetone (162)

88%
22%

45%

216a

Protonated ITS (131)
Adduct – acetone (188)

90%
10%

47%

203c

Adduct – acetone (230)
Protonated ITS (131)

76%
24%

41%

---

Adduct – acetone (273)

100%

41%

206d

Adduct – acetone (246)
Protonated ITS (131)

87%
13%

99%

211b

Adduct – acetone (255)
Protonated ITS (131)

96%
4%

75%

201b

Adduct – acetone (171)
Protonated ITS (131)

55%
45%

89%

214c

Protonated ITS (131)
Adduct – acetone (242)

86%
14%

82%

218b

Adduct – acetone (180)
Protonated ITS (131)

74%
26%

95%

(179)

(90)

(116)

(158)

(201)

(174)

(183)

(99)
H
N

(170)

NH 2
(108)
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Table 3.2 (Continued)
Reactant (m/z of M+H)

NH 2

Proton affinity
(PA, kcal/mol)
211b

Product ions (m/z) and branching ratios

Reaction
efficiency
79%

Protonated ITS (131)
Adduct – acetone (166)

86%
14%

207b

Adduct – acetone (227)
Protonated ITS (131)

62%
38%

85%

226e

Adduct – acetone (182)

100%

90%

222a

Adduct – acetone (275)

100%

92%

---

Adduct – acetone (325)

100%

72%

---

Adduct – acetone (309)

100%

82%

206b

Adduct – acetone (132)

100%

---

(94)
NO2

N
O
(141)

N
O
(110)
O
S

(203)

(253)

(237)

(60)
a

Calculated PA value (calculated at the B3LYP/6-31G(d) level of theory) from reference 18. bExperimentally determined PA
value from reference 26. cCalculated PA value (calculated at the B3LYP/6-31G++(d,p) level of theory) from reference 11.
d
Calculated PA value (calculated at the B3LYP/6-31G++(d,p) level of theory) from supporting information of reference 27.
e
Calculated PA value (calculated at the B3LYP/6-31G(d) level of theory) from reference 16.
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Figure 3.2 a) Lewis structure of ITS. b) Optimized geometries of neutral ITS (left) and ITS
protonated on carbon 7C (right). Proton affinities (calculated at the B3LYP/6-31G++(d,p) level
of theory) are indicated for the most basic functionalities.

The first step in many functional group-selective ion-molecule reactions is proton transfer
from the protonated analyte to the neutral reagent. Therefore, the reagent should have a proton
affinity (PA) similar to the analytes of interest. However, if the proton affinity of the reagent is
significantly greater than that of the analyte of interest, then only the proton transfer reaction will
take place. This may explain why the dominant reaction of ITS with protonated benzoic acid (PA
= 196 kcal/mol, experimentally determined26) is proton transfer while the dominant reaction of
ITS with protonated 3-aminobenzoic acid (PA = 207 kcal/mol, experimentally determined26) is
formation of an adduct that has lost acetone (Table 3.1). Figure 3.2b shows the optimized
geometries of neutral and protonated ITS (calculated at the B3LYP/6-31G++(d,p) level of theory).
Proton transfer will occur preferentially at carbon 7C of ITS since it is the more basic site (PA =
224 kcal/mol) over the oxygen 5O site (PA = 199 kcal/mol). Since the proton affinity of ITS is
higher than that of the carboxylic acids shown in Table 3.1, ITS will deprotonate the protonated
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carboxylic acids to initiate a diagnostic ion-molecule reaction. Interestingly, the proton transfer
products do not immediately separate even though the proton transfer is highly exothermic but
instead react with each other, as discussed later.
Quantum chemical calculations on protonated benzoic acid support the proposal that the
mechanism for the formation of the primary adduct – acetone product ion begins with proton
transfer from the protonated analyte to the terminal carbon in the C=C bond in ITS. Calculations
suggest that nucleophilic substitution of acetone at the silicon atom of protonated ITS by the
carbonyl oxygen atom of the carboxylic acid is the likely route for production of [adduct –
acetone]+ (Figure 3.3a). The barrier for the formation of [adduct – acetone]+ for protonated benzoic
acid is -24.7 kcal/mol relative to the separated reactants (Figure 3.3a). This primary product ion
reacts with another ITS molecule by proton transfer followed by nucleophilic substitution of a
second acetone molecule, with a barrier of -15.7 kcal/mol relative to separated reactants ([adduct
– acetone]+ and ITS), to generate the diagnostic secondary product ion, 2° [adduct – acetone]+
(Figure 3.3b).
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Figure 3.3 Calculated potential energy surfaces carried out by me (enthalpies in kcal/mol) for the
formation of a) the primary product, [adduct – acetone]+ and b) the diagnostic secondary product,
2º [adduct – acetone]+. All reaction enthalpies were calculated at the M06-2X/6311++G(d,p)//M06-2X/6-311G(d,p) level of theory.

Based on above mechanism, the presence of two nucleophilic atoms (oxygen atoms of the
carboxylic acid moiety) in the analyte is a requirement for the diagnostic reaction to take place.
However, other protonated compounds that contain more than one nucleophilic site in one
functionality, such as sulfones, amides and sulfonamides, only produce protonated ITS and the
primary adduct – acetone product ion. primary product ions. In the case of sulfones, the primary
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adduct – acetone product ion does not react with a second ITS molecule due to the lack of acidic
hydrogens. For sulfonamides, the silicon atom is covalently bound to the oxygen atom in the
primary adduct – acetone product ion. The amino group has an acidic hydrogen so the secondary
reaction could take place but does not. Furthermore, examination of a reaction between a simple
protonated amide, protonated acetamide, and ITS also showed that the primary product ion does
not react with a second ITS molecule (Table 3.2). Since the first step for the formation of the
secondary product ion is proton transfer from the primary product ion to ITS, it is important to
consider the proton affinity of the conjugate base of the primary product ion. If ITS has a proton
affinity that is higher than that of the conjugate base, then proton transfer will occur and the
secondary reaction may take place. Endothermic proton transfer can also occur, but only if the
reaction product is lower in energy than the total energy of the system. Thus, the above
observations may be explained via comparison of the proton affinity of ITS (224 kcal/mol) and
the proton affinity of the conjugate base of the primary product ion. Proton affinity calculations
are currently being carried out by Dr. Mckay Easton.
There are possible limitations to this analytical method in detecting carboxylic acid
functionalities in protonated analytes. For example, 200 ms was a sufficient reaction time to
observe the diagnostic secondary product ion for all but one of the carboxylic acids studied.
However, protonated L-methionine sulfone only showed the diagnostic secondary product ion
after reacting for 15 s (Figure 3.4). Internal hydrogen bonding between the carboxylic acid group
in L-methionine sulfone and the sulfone group likely hindered the second proton transfer to ITS
(Scheme 3.1), which substantially decreased the reaction rate. Proton affinity calculations
(calculated at the B3LYP/6-31G++(d,p) level of theory) of all the basic sites in L-methionine
sulfone show that the amino group is the most basic site in the molecule and has a proton affinity
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of 222 kcal/mol. Thus, as shown in Scheme 3.1, L-methionine sulfone should be protonated at the
amino group. Of the other nine carboxylic acids in Table 3.1, eight are rigid enough to prevent
internal hydrogen bonding and the ninth one (hexanoic acid) has no hydrogen bond acceptor or
donor sites except the carboxylic acid functionality. Therefore, flexible molecules containing the
carboxylic acid functionality and hydrogen bond acceptors or donors may require longer reaction
times in order to yield an observable diagnostic product.
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Scheme 3.1 Proposed mechanism for the formation of the diagnostic secondary product ion upon
reaction of protonated L-methionine sulfone with ITS.
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Figure 3.4 Mass spectrum measured after 15 s reaction between protonated L-methionine sulfone
(M) and ITS.

Interestingly, protonated 3,4-dihydroxyphenylacetic acid formed not only the diagnostic
secondary product ion but also a tertiary product ion when allowed to react with three ITS
molecules. The secondary product ion (2º [adduct – acetone]+) reacts with a third ITS molecule
via replacement of acetone (Figure 3.6), possibly as shown in Scheme 3.2. In addition, when the
primary product ion was isolated and allowed to react with ITS, the formation of a quaternary
product ion, albeit very slowly, was observed (Figure 3.6). For this quaternary reaction, proton
transfer possibly occurred from the siloxy group bound to the aromatic ring (Scheme 3.2d). The
decreased rate for the formation of the quaternary product ion may be explained by the low
nucleophilicity of the phenol moiety.
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Figure 3.5 Mass spectrum measured after 300 ms reaction between protonated 3,4dihydroxyphenylacetic acid (M) and ITS (top). Mass spectrum measured after 150 ms reaction of
the primary product ion, [adduct – acetone]+, and ITS (bottom).
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Scheme 3.2 Proposed mechanisms for reaction of ITS with protonated 3,4dihydroxyphenylacetic acid to form a) the primary [adduct – acetone]+ product ion, b) the
secondary product ion 2º [adduct – acetone], c) the tertiary product ion and d) the quaternary
sproduct ion.

Two protonated dihydroxybenzenes were studied to determine if the diagnostic product can
be formed in the absence of a carboxylic acid moiety. Indeed, both protonated 1,2- and 1,4dihydroxybenzenes were able to react with ITS to form the 2º [adduct – acetone]+ product ion.
Therefore, a false positive result may be obtained for molecules with multiple phenol groups.
Proposed mechanisms for the formation of the secondary product ion by protonated 1,2- and 1,4dihydroxybenzenes are shown in Scheme 3.3. The reaction mechanisms are under investigation by
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Dr. Mckay Easton. Reactions of other protonated compounds containing two oxygen
functionalities and acidic hydrogens should also be examined.

Scheme 3.3 Proposed mechanisms for the formation of the secondary product ion by protonated
a) 1,2-dihydroxybenzne and b) 1,4-dihydroxybenzene.

ITS reacts efficiently with most protonated compounds, making it compatible with the
HPLC timescale. To demonstrate this, an equimolar mixture of 4-aminobenzoic acid, clozapine Noxide, oxcarbazepine, diphenylsulfoxide, naproxen and celecoxib was subjected to HPLC
separation followed by tandem mass spectrometric analysis based on reactions with ITS (Figure
3.7a). The compounds were eluted using a gradient consisting of water and acetonitrile, with each
solution containing 0.1% formic acid, and protonated using APCI as they eluted from the column.
The ions were isolated in the ion trap and allowed to react with ITS for 200 ms. Only the two
protonated compounds containing a carboxylic acid functionality—4-aminobenzoic acid and
naproxen—formed the diagnostic secondary product ion (Figures 3.7b and 3.7c). Protonated
diphenylsulfoxide, oxcarbazepine and celecoxib reacted to form the primary products discussed
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above. No reactions were observed for protonated clozapine N-oxide. This observation suggests
that clozapine N-oxide has a much higher proton affinity than ITS and hence, the first step of the
reaction, proton transfer to ITS, did not occur.
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Figure 3.6 (a) Normalized total ion current (from the MS) HPLC chromatogram for an equimolar
mixture containing various model compounds. (b) MS2 spectrum measured after isolation of
protonated 4-aminobenzoic acid (m/z 138) and reaction with ITS for 200 ms. (c) MS2 spectrum
measured after isolation of protonated naproxen (m/z 231) and reaction with ITS for 200 ms.
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3.4

Conclusions
Ion-molecule reactions between protonated analytes and ITS have been shown to be

diagnostic for analytes containing a carboxylic acid functionality. With the exception of clozapine
N-oxide, all protonated compounds examined in this study, with functionalities including
carboxylic acid, N-oxide, sulfoxide, carboxamido, keto, amino, hydroxylamino, phenol, nitro,
sulfone and sulfonamido, rapidly form primary [adduct – acetone]+ product ions when allowed to
react with ITS. Protonated compounds containing a carboxylic acid functionality react with ITS to
form a characteristic secondary [adduct – acetone]+ product ion. Quantum chemical calculations
indicate that the formation of the primary and secondary product ions is initiated by proton transfer.
With the exception of clozapine N-oxide, all the protonated compounds studied were able to
transfer a proton to ITS to form the primary product. A secondary product was only observed for
compounds that possessed another acidic hydrogen available for transfer to ITS. There are
limitations in this method for molecules containing multiple phenol groups, which have the
potential to show a false positive and/or additional product ions. This new tandem mass
spectrometric method was coupled with HPLC to demonstrate that it can be used as a screening
tool for compounds containing a carboxylic acid functionality in complex mixtures at the HPLC
timescale.
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GAS-PHASE STUDIES ON THE REACTIVITY OF PROTONATED
META-PYRIDYNES TOWARD METHANOL AND STUDIES OF GASPHASE REACTION MECHANISMS OF CHARGED ORTHOPYRIDYNES

4.1

Introduction
The reactivity controlling parameters and reaction mechanisms of aromatic $-type carbon-

centered mono- and biradicals have been extensively studied in our laboratories both
experimentally and theoretically. The experimental studies have involved the distonic ion
approach and gas-phase reactions occurring in mass spectrometers.1,2 This approach can be used
to examine reactions of molecules, such as biradicals, that are difficult to study in solution by using
analogs that contain an inert charged group to allow manipulation within the mass spectrometer.
Protonated pyridine-based biradicals (didehydropyridines) have provided excellent analogs for
meta- and ortho-benzynes.3–6 These studies have contributed invaluable insights on the reactivity
controlling parameters of meta-benzynes3,4 and ortho-benzynes,5,6 as well as their reaction
mechanisms.
In general, reactions of dehydropyridinium cations (monoradicals) are controlled by the
vertical electron affinities (EA; the energy released upon addition of an electron to the radical site
without a geometry change in the molecule) of their radical sites.7,8 The EA of a radical site
provides a measure of the polarity of the transition state of reactions of the radical.8,9 A greater EA
corresponds to a more polar and hence more stable transition state, and hence, leads to a faster
reaction. Above behavior can be explained by the ionic curve crossing model.10 Stabilizing
hydrogen bonding interactions at the transition state can also affect the reactivity of
monoradicals.9,11 In fact, hydrogen bonding between the reagent and charged monoradicals has
been shown to drastically increase the reaction efficiency of hydrogen atom abstraction.9,11
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The reactions of benzyne analogs (biradicals) are controlled by additional parameters. In
addition to EA and hydrogen bonding interactions at the transition state, the reactions of biradicals
are also controlled by their singlet-triplet splittings (S-T; the energy difference between the lowest
energy singlet state and the lowest energy triplet state).3,12–14 The magnitude of the S-T splitting
of para-benzynes was proposed to be the key reactivity controlling factor of para-benzynes.12,13
The measured S-T splitting of para-benzyne is -3.8 kcal/mol.15 Because of the small magnitude of
their S-T splittings, para-benzynes are expected to react as two monoradicals but be less reactive
than monoradicals as the radical sites are weakly coupled through the σ* orbital of the C-C bond
between them.12,13 Initial considerations of meta-benzynes suggested that their reactivities may
also be influenced by their S-T splittings.12 Later, additional reactivity controlling parameters were
identified for charged meta-benzynes.3,4 Examination of the transition states for hydrogen atom
abstraction from methane by seventeen meta-benzyne analogs showed that the dehydrocarbon
atom separation (DAS; the distance between the carbons that contain the radical sites in metabenzynes) at the transition state was approximately the same for all of them – about 2.30 Å. This
value is much greater than for the ground state structures. The electron affinities of meta-benzynes
at the DAS of 2.30 Å (EA2.30) were determined to be more important reactivity controlling
parameters than the electron affinity at the ground state. Furthermore, the study found that the
energy (∆E2.30) required to distort the DAS of the ground-state meta-benzyne to the DAS at the
transition state is another important reactivity controlling parameter. Based on these findings, the
Nash equation was developed to predict activation enthalpies for hydrogen atom abstraction
‡
(∆úc;?
) by meta-benzynes from methane (Equation 4.1).4 As described by Equation 4.1, the

activation enthalpy increases as ∆E2.30 increases, decreases by a factor x multiplied by EA2.30 and
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increases by a factor y multiplied by the sum of ∆ES-T and EA2.30, which is the S-T splitting of the
meta-benzyne at 2.30 Å.

‡
∆úc;?
= ∆[F.Ñ& − J [ûF.Ñ& J 23.06 + L(∆[°6r + ∆[F.Ñ& )

Equation 4.1

Although the reactivity controlling factors discussed above have provided important insights on
the reactivity of charged meta-benzynes, the stabilization of the transition state through hydrogen
bonding interactions should also be considered as a possible reactivity controlling factor. As
mentioned above, hydrogen bonding interactions at the transition state have been shown to affect
the reaction efficiencies of hydrogen atom abstraction by charged monoradicals.9,11 The efficiency
of hydrogen atom abstraction is only affected when the radical site is located near a group capable
of hydrogen bonding. For example, in the case of 2-dehydropyridinium cation, the calculated
barrier heights for reactions with reagents that were capable of accepting a hydrogen bond from
the NH+ group were affected by stabilizing hydrogen bonding interactions.9 Therefore, reactions
between protonated meta-pyridynes and a reagent capable of hydrogen bond formation, methanol,
were examined in this study. Methanol was selected as a reagent because it can form hydrogen
bonds with the NH+ group in the protonated meta-benzyne analogs, or amino, hydroxy and fluoro
substituents bound to protonated meta-pyridynes.
ortho-Benzyne analogs have much greater S-T splittings than meta-benzyne analogs, which
is due to strong through-space coupling of the radical sites.15 Due to their large S-T splittings,
charged ortho-pyridynes are expected to react exclusively via non-radical pathways. The
calculated S-T splittings of 3,4-didehydropyridinium cation, 2,3-didehydropyridinium cation and
2-dehydropyridine radical cation are -32.5 kcal/mol, -24.4 kcal/mol and -45.4 kcal/mol,
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respectively.6 In comparison, the calculated S-T splitting of 3,5-didehydropyridinium cation is 21.7 kcal/mol.4 The reactivities of these ortho-pyridynes have been previously studied by Dr.
Bartłomiej J. Jankiewicz. Based on these studies, charged ortho-pyridynes do not undergo radical
reactions but instead react as strong electrophiles due to the presence of a highly-strained triple
bond.6 While their reactivities have been well-characterized,6 questions remain regarding some of
the mechanisms proposed by Dr. Bartłomiej J. Jankiewicz. Some of those mechanisms have been
examined in this thesis research.

4.2

Experimental
For the ortho-benzyne studies, the reagents, furan, tetrahydrofuran, 2-methylfuran, 2,2,5,5-

tetramethyltetrahydrofuran, 2,5-dimethylfuran and allyl iodide, were purchased from Sigma
Aldrich. The model compounds 2-hydroxypyridine, 3-hydroxypyridine and 4-hydroxypyridine
were purchased from Sigma Aldrich. The precursor 2-iodopyridine was also purchased from
Sigma Aldrich. The precursor 2-iodo-3-nitropyridine was synthesized.6 For the meta-benzyne
studies, methanol, ethanol and 37% formaldehyde solution were purchased from Sigma Aldrich.
The precursors 2-chloro- and 2-amino-3,5-diiodopyridine were purchased from Alfa Aesar. 2Hydroxy-3-iodo-5-nitropyridine and 2-iodopyridine were purchased from Sigma Aldrich. The
precursors 3,5-diiodopyridine, 2,4-diiodopyridine and 3-hydroxy-2,4-diiodopyridine were
purchased from SynChem OHG. 3-Fluoro-2,4-diiodopyridine was purchased from Frontier
Scientific. The biradical precursors 4-cyano-, 4-fluoro-, 4-chloro-, 4-amino-, 4-hydroxy-, 2-cyanoand 2-fluoro-3,5-diiodopyridines and 3-cyano-, 5-hydroxy- and 5-cyano-2,4-diiodopyridines were
synthesized in our laboratories.4
The experiments described in this thesis chapter were performed in a Thermo Scientific
LQIT mass spectrometer and a ~3 T Extrel model FTMS 2001 mass spectrometer. The LQIT mass
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spectrometer equipped with an external reagent introduction manifold and an APCI source
(operated in positive ion mode). Sample solutions were prepared at precursor concentrations of 1
mmol in methanol. Precursor solutions were injected into the APCI source by using a syringe drive
at a flow rate of 20 µL/min. The vaporizer temperature of the APCI source was set to 300 ºC, while
the temperature of the transfer capillary was set to 275 ºC. The flow rates of the sheath and
auxiliary gases (N2) were maintained at 10 and 20 arbitrary units, respectively. The discharge
current was set to 5 µA. The reagents were introduced into the reagent manifold via a syringe
pump at a flow rate of 5 µL/h. The area surrounding the syringe port was heated to ~80 ºC to aid
evaporation of the reagents. A typical nominal pressure of the reagents in the LQIT was ~0.75 x
10-5 Torr.
Protonated radical precursors were isolated in the LQIT using an isolation window of m/z 2
and a q value of 0.25. The isolated precursor ions were then subjected to CAD for 30 ms at
normalized collision energies that ranged from 30 to 45 arbitrary units to generate the charged
radicals. Charged radicals were isolated and allowed to react with the reagents for up to 60 s. After
reactions, all ions were ejected from the LQIT for detection by using resonance ejection.
Some reactions of charged meta-pyridynes with ethanol were examined in a ~3 T Extrel
model FTMS 2001 mass spectrometer (described in Chapter 2). The precursors 3,5-diiodopyridine,
2-hydroxy-3,5-diiodopyridine,

4-amino-3,5-diiodopyridine,

4-cyano-3,5-diiodopyridine,

2-

amino-3,5-diiodopyridine and 2-chloro-3,5-diiodopyridine were evaporated into the mass
spectrometer by using a solids probe heated to 110-150 ºC. The protonated precursors were
generated by chemical ionization in the analyzer cell using methanol as the reagent. The radical
precursor was evaporated into the instrument via the solids probe and methanol was introduced
into the same cell via the batch inlet or the pulsed valve assembly. Electron ionization at 40-50 V
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was used and the filament current was set to 6 µA. The ionization time was 500-1000 ms. Upon
electron ionization, methanol radical cation is formed. Self-chemical ionization of methanol
radical cation with remaining neutral methanol forms protonated methanol, which then transfers a
proton to the neutral radical precursor. The protonated radical precursor was transferred into the
source cell by using the methods described in Chapter 2. The radical sites were generated by
sustained off-resonance collision-activated dissociation (SORI-CAD) as described in Chapter 2.
Argon was pulsed into the cell at a pressure of about 1 x 10-5 torr during SORI-CAD.
After the radical sites were generated, they were isolated by exciting all other ions from the
cell via the application of chirp and stored-waveform inverse Fourier transform (SWIFT)
excitation pulses. Only 3,5-didehydropyridinium cation, 2-hydroxy-3,5-didehydropyridinium
cation, 2-amino-3,5-didehydropyridinium cation and 4-amino-3,5-didehydrpyridinium cation
were generated with sufficient abundance. After isolation, the charged radicals were allowed to
react with ethanol for varying time periods before detection. 4-Cyano-3,5-didehydropyridinium
cation, 4-amino-3,5-didehydropyridinium cation and 2-chloro-3,5-didehydropyridinium cation
could not be generated with sufficient signal in this instrument and hence, the reactions of these
biradicals with ethanol were not examined.
The experimental details of the initial gas-phase reactivity studies of the charged orthopyridynes are presented in the thesis of Dr. Bartłomiej J. Jankiewicz.6 Briefly, 2-iodopyridine, 2,3pyridinedicarboxylic anhydride and 3,4-pyridinedicarboxylic anhydride were purchased from
Sigma Aldrich and used as received. The precursor 2-iodo-3-nitropyridine was synthesized.6 The
reagents, which include furan, tetrahydrofuran, and allyl iodide, were purchased from Sigma
Aldrich and used as received. All mass spectrometry experiments were carried out in a Finnigan
Model 2001 3 T Fourier-transform ion cyclotron resonance mass spectrometer controlled by a Sun
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Sparc 20 data station running Odyssey version 4.0 software and a Stored Waveform Inverse
Fourier Transform cell controller.

4.3

Examination of Hydrogen Bonding as a Reactivity Controlling Parameter for Protonated
meta-Pyridynes
To probe the influence of hydrogen bonding interactions at the transition state on the

reactivity of protonated meta-benzynes, the reactivity of sixteen meta-benzyne analogs toward
methanol was examined. Methanol can form hydrogen bonds with some of the substituted charged
meta-benzyne analogs and these interactions may increase the efficiency of hydrogen atom
abstraction when the radical site is near a group that can form a hydrogen bond with methanol. For
example, stabilizing hydrogen bonding interactions at the transition state are expected to affect the
efficiency of hydrogen atom abstraction by 2,4-didehydropyridinium cation from methanol more
than they would for 3,5-didehydropyridinium cation because methanol can form a hydrogen bond
with the NH+ group near the radical site at C2 only in 2,4-didehydropyridinium cation. The
reaction efficiencies of substituted 3,5-didehydropyridinium cations that contain NH2, OH or F
substituents are also expected to be influenced by stabilizing hydrogen bonding interactions at the
transition state. In cases where the radical sites are not near a substituent capable of hydrogen
bonding, such as for 3,5-didehydropyridinium cation, this effect is not likely a reactivity
controlling factor. The reaction efficiencies and branching ratios for primary products measured
in collaboration with Xin Ma in this study are shown in Table 4.1. Table 4.1 also shows calculated
S –T splittings (∆ES-T),4 electron affinities at a dehydrocarbon atom separation of 2.30 Å (EA2.30),4
dehydrocarbon atom separations for the minimum energy ground-state geometries (DAS),4 and
the energy required for each biradical to reach a DAS of 2.30 Å (∆E2.30).4
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Table 4.1 Efficienciesa and ionic productsb as well as the primary product branching ratios for
reactions of charged meta-pyridynes 1-16 with methanol and the calculated S-T splittings (∆ESc
c
c
T), electron affinities at a DAS of 2.30 Å (EA2.30), DAS at the ground state geometry (DAS)
c
and distortion energy (∆E2.30).
F

CN

N
H

1

ES-T, kcal/mol
EA2.30, eV
DAS, Å
E2.30, kcal/mol

S-T

2.30

, eV

DAS, Å
E , kcal/mol
2.30

2

3

4

N
H

N
H

5

-24.9
7.21
1.44
5.4

-31.3
7.03
1.46
9.5

-25.6
7.20
1.43
8.2

-20.0
6.75
1.46
5.6

2 x H abs. 38%
Adduct
38%
H2O abs. 24%

Add.–HCN 89%
2o MeOH abs.
H2O abs.
3%
Adduct
7%
2 x H abs.
1%

Add.–HF 70%
2o MeOH abs
2 x H abs. 12%
Adduct
12%
H2O abs.
6%

Adduct
73%
2 x H abs. 17%
H2O abs. 10%

2 x H abs. 73%
H2O abs. 17%
Adduct
10%

Eff. = 0.12%

Eff. = 30%

Eff. = 0.64%

Eff. = 0.43%

Eff. = 0.13%

6

E , kcal/mol

N
H

HO

-24.4
6.57
1.45
6.2

N
H

EA

N
H

NC

Cl

F

OH

NH2

CN

N
H

N
H

N
H

N
H

N
H

-21.7
6.35
1.52
6.3

-27.9
6.63
1.51
9.7

Adduct
45%
2 x H abs. 44%
H2O abs. 11%

2 x H abs.
H2O abs.
Adduct

9

8

7

97%
2%
1%

-26.8
6.82
1.55
6.3

-30.8
6.42
1.51
9.7

-32.8
5.93
1.48
11.9

2 x H abs. 92%
H2O abs.
5%

2 x H abs. 50%
H2O abs. 28%

No reaction

Adduct

Adduct

3%

11

10

22%

-22.1
6.97
1.52
5.0
Add.–HCN 57%
2º MeOH abs.
H2O abs. 28%
Adduct

Eff. = 0.02%

Eff. = 0.22%

Eff. = 0.36%

Eff. = 0.02%

Eff. = 2.7%

15%
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Table 4.1 (Continued).

N
H

N
H

Cl

12

E , kcal/mol
EA

S-T

2.30

, eV

DAS, Å
E , kcal/mol
2.30

N
H

CN

13

F

14

-20.0
6.59
1.53
6.0

-23.0
6.97
1.50
8.5

2 x H abs. 100%

H2O abs.

47%

H2O abs.

Adduct
2 x H abs.

38%
15%

2º Adduct
2 x H abs. 2%

Eff. = 0.29%

Eff. = 0.81%

N
H

-18.2
6.71
1.54
4.6

Eff. = 4%

98%

N
H

NH2

15

OH

16

-16.7
5.99
1.56
3.7

-16.6
6.42
1.57
3.6

2 x H abs. 49%
H2O abs. 29%

Adduct
62%
2 x H abs. 36%
H2O abs.
2%

Adduct

22%

Eff. = 0.02%

Eff. = 0.24%

a

Reaction efficiency (Eff.; percent of collisions that lead to a reaction) = k/kcoll x 100.b abs. = abstraction; Add =
addition. cValue from reference 4.

Comparisons of efficiencies of hydrogen atom abstraction reactions between biradicals are
readily made only if no other major reactions are observed. Only biradicals 1, 5, 7-9, 12 and 15
showed hydrogen atom abstraction as the major reaction. The general trend in reaction efficiencies
is as follows: 8 (0.36%) > 12 (0.29%) > 7 (0.22%) > 5 (0.13%) > 1 (0.12%) > 9 (0.02%), 15
(0.02%). No obvious correlation between possibly stabilizing hydrogen bonding interactions in the
transition state and efficiency of hydrogen atom abstraction was observed. For example, based on
the effects of hydrogen bonding interactions at the transition state observed for monoradicals,9,11
4-hydroxy-3,5-didehydropyridinium cation 9 was expected to react faster than 4-chloro-3,5didehydropyridinium cation 7 because methanol can form a hydrogen bond with the OH group in
9, whereas it is less likely for the Cl atom in 7. However, 7 was more reactive than 9 toward
methanol (Eff. = 0.22% and 0.02%, respectively), likely due to its greater EA2.30.
Adduct formation dominated for biradicals 4, 6 and 16. CAD of the adducts formed for 1, 4,
6, and 13-16 show a loss of methanol to give back the biradical, which suggests that methanol is
weakly hydrogen bound to the biradicals in the adduct. Water abstraction dominated for biradicals
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13 and 14. Since no background reactions between 13 and 14 and water in the ion trap was
observed, water abstraction likely occurs from methanol. Addition – HCN was the major reaction
observed for biradicals 2 and 11 and addition – HF was the major reaction observed for biradical
3. The mechanisms of these reactions should be examined. Finally, no reaction was observed
between biradical 10 and methanol likely due to its large ∆E2.30 (11.9 kcal/mol).
The low efficiencies observed for reactions of the biradicals with methanol may be due to
the high ionization energy of methanol (10.85 ± 0.03 eV16). According to the ionic curve crossing
model,10 a higher ionization energy of the reagent reduces radical-type reactivity because it
increases the energy of the transition state. This may explain the cases where non-radical reactions,
such as water abstraction and addition, dominated hydrogen atom abstraction. Since no obvious
trends in reactivity that could be controlled by hydrogen bond formation were observed, the
reactivity of the biradicals should be re-examined toward a different reagent capable of forming
hydrogen bonds with the biradicals. Cyclohexanol is a potential reagent for this study. The
ionization energy of cyclohexanol is 9.75 eV,17 which is similar to the ionization energy of
cyclohexane (9.88 eV16) and hence, one can expect more radical-type reactions between the
biradicals and cyclohexanol than for methanol. In addition, the presence of the OH group in
cyclohexanol allows for the reagent to form a hydrogen bond with some of the biradicals, which
may enable the examination of stabilizing hydrogen bonding interactions at the transition state
between the biradicals and cyclohexanol.

4.3.1

Reactions of Some Protonated meta-Pyridynes with Ethanol in a FT-ICR Mass
Spectrometer
The

reactivity

of

2-amino-3,5-didehydropyridinium

cation,

2-hydroxy-3,5-

didehydropyridinium cation and 3,5-didehypyridinium cation toward ethanol were examined in a
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FT-ICR mass spectrometer and the results are summarized in Table 4.2. Ethanol was chosen as a
reagent for these studies because of its lower ionization energy (10.48 ± 0.07 eV16) compared to
that of methanol (10.85 ± 0.03 eV16). Since the ionization energy of ethanol is lower, dominant
radical-type reactions were expected.

Table 4.2 Efficienciesa and ionic productsb as well as the primary product branching ratios for
reactions of charged meta-pyridynes with ethanol measured in a FT-ICR mass spectrometer and
the calculated S-T splittings (∆ES-T),c electron affinities at a DAS of 2.30 Å (EA2.30),c DAS at the
ground state geometryc (DAS) and distortion energy (∆E2.30).c

N
H

N
H

NH2

15
ES-T, kcal/mol
EA2.30, eV
DAS, Å
E2.30, kcal/mol

OH

16

-16.7
5.99
1.56
3.7

2 x H abs.

N
H

OH

6

-16.6
6.42
1.57
3.6

100%

2 x H abs.

-21.7
6.35
1.52
6.3

100%

H2O abs.
2 x H abs.

67%
33%

Eff. = 2%
Eff. = 10%
Eff. = 1%
Reaction efficiency (Eff.; percent of collisions that lead to a reaction) = k/kcoll x 100.b abs. = abstraction cValue from
reference 4.
a

The only reaction observed for biradicals 15 and 16 was hydrogen atom abstraction, while the
major reaction observed for biradical 6 was water abstraction. As discussed above, comparisons
of efficiencies of hydrogen atom abstraction reactions can only be made if that is the only or major
reaction observed. Therefore, only the reactivity of biradicals 15 and 16 will be compared here.
Biradical 16 was more reactive toward ethanol than 15 (Eff. = 10% and 2%, respectively), which
is likely due to its greater EA2.30. The major reaction observed for biradical 6, water abstraction,
suggests that 6 reacts via a non-radical mechanism with ethanol. Attempts were made to generate
biradicals 10, 11 and 12. However, they could not be generated in this instrument with sufficient
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abundances to be able to perform kinetic reactivity studies and thus, this instrument was not used
for any additional reactivity studies of protonated meta-pyridynes. In addition, similar to the
reactions with methanol above, since a non-radical type reaction (water abstraction) was observed
between biradical 6 and ethanol, ethanol should not be used as a reagent for future studies on
hydrogen bonding interactions at the transition state as a reactivity controlling factor for metabenzynes. As discussed above, reactions between the charged biradicals and a reagent with an even
lower ionization energy, such as cyclohexanol, should be examined.

4.4

Examination of the Reaction Mechanisms of Charged ortho-Pyridynes
The reactivity of charged ortho-pyridynes 17-19 was thoroughly characterized in the thesis

research of Dr. Bartłomiej J. Jankiewicz.6 However, the reaction mechanisms were only speculated
upon based on previous studies of ortho-benzyne and its analogs. Here, experimental and
computational evidence was collected to support these mechanisms and in some cases, to identify
better ones. Only the major reactions observed for charged ortho-pyridynes with furan,
tetrahydrofuran and allyl iodide were examined in this thesis research. All reactivity data shown
in the tables were obtained by Dr. Bartłomiej J. Jankiewicz.6 Details of the results obtained for this
thesis research will be given below.

4.4.1

Reactions with Furan
Gas-phase reactions with furan were examined by Dr. Bartłomiej J. Jankiewicz because

furan has been commonly used as an indicator of the formation of ortho-benzyne in solution.18–20
ortho-Benzyne has been reported to react with furan via Diels-Alder addition,19 but it also has been
reported to act as an electrophile.20 Addition – CO was reported6 by Dr. Jankiewicz as the major
reaction for charged ortho-pyridynes 18 and 19 (Table 4.3) and he proposed three different
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mechanisms for this reaction.6 Two of these mechanisms are based on Diels-Alder addition of
furan to a charged ortho-pyridyne and the third mechanism involves nucleophilic addition of furan
to a charged ortho-pyridyne. Only the addition – CO reaction mechanism based on initial
nucleophilic addition of furan to 17 is discussed below.
Table 4.3 Efficienciesa and ionic primary productb branching ratios for reactions of charged
ortho-pyridynes with furan measured6 in a FT-ICR mass spectrometer. Table taken from
Reference 6.

S-T splitting (kcal/mol)c
EA (eV)c

O

17

18

19

-32.5
5.64

-24.4
6.23

-45.4
6.80

Addition – C2H2
Addition – CO
CH abs.
Addition

Eff. = 33%

53%
42%
4%
1%

Addition – CO
51%
CH abs.
37%
2º Addition – CO
2º Addition
Addition – CHO
10%
Addition – H2O
2%
2º Addition – CO
2º Addition

Addition – CO
CH abs.
Addition

Eff. = 60%

Eff. = 74%

96%
2%
2%

a

Reaction efficiency (Eff.; percent of collisions that lead to a reaction) = k/kcoll x 100. babs. = abstraction. cValues
from Reference 6.

The first step in the proposed mechanism to form the addition – CO product is addition of
furan to the ortho-pyridinium cation (Scheme 4.1). Furan has three sites that could act as a
nucleophile: the oxygen atom, carbon C2 and carbon C3. To probe whether carbon C2 in furan
adds to the charged ortho-pyridynes, 2,3-didehydropyridinium cation 18 was allowed to react with
2,5-dimethylfuran. 2,5-Dimethylfuran was chosen as a reagent because the presence of the methyl
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groups at the carbons adjacent to the oxygen atom (C2) should sterically hinder addition at those
positions.

O
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N
H
17

O

N
H
20

N
H
22

N
H
21

O
O

H

N
H
25

-CO

N
H
24

N
H
23

Scheme 4.1 Proposed mechanism showing nucleophilic addition of furan to charged orthopyridyne 17 followed by the loss of CO.6

No addition – CO product was observed in this reaction, which suggests that carbon C2 is involved
in addition to 18. Furthermore, when 2-dehydropyridine radical cation 19 was allowed to react
with 2-methylfuran, both addition – CO and addition – COCH2 products were observed (Figure
4.1). The formation of the addition – COCH2 product provides support for the proposed formation
of 24, which abstracts a proton from the formyl cation to form the final product ion 25. Based on
the original mechanism, a proposed mechanism for the addition – COCH2 reaction is shown in
Scheme 4.2.
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Figure 4.1 Mass spectrum measured after 50 ms reaction of 2-dehydropyridine radical cation 19
and 2-methylfuran.
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Scheme 4.2 Proposed mechanism for addition – COCH2 reaction (shown for 17) based on the
mechanism proposed for addition – CO reaction shown above.
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Next, to probe the proposed structure of 25 (Scheme 4.1), this ion was subjected to CAD. The
resulting mass spectrum indicated a loss of a C2H3 radical (Figure 4.2), which provides some
support for the structure shown for the addition – CO product ion 25 in Scheme 4.1. A possible
mechanism for CAD of 25 is shown in Scheme 4.3. However, the mechanism shown in Scheme
4.1 for the addition – CO reaction should be examined computationally in order to conclusively
determine whether it is energetically favorable compared to the other proposed mechanisms.
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Figure 4.2 CAD mass spectra measured in a LQIT mass spectrometer at two different normalized
collision energies for 25 (m/z 118), the addition – CO product ion observed after 2,3didehydropyridinium cation was allowed to react with furan.
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4.4.2

Reactions with Tetrahydrofuran
The major reactions reported6 by Dr. Bartłomiej J. Jankiewicz for charged ortho-pyridynes

17-19 and tetrahydrofuran will be investigated here. The major reaction for 17 and 18 was CH2O
abstraction, while the major reaction for 19 was H2O abstraction (
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Table 4.4).6 The mechanism proposed by Dr. Jankiewicz for CH2O abstraction will be
investigated first.
Dr. Jankiewicz proposed a mechanism for CH2O abstraction by charged ortho-pyridynes
based on a mechanism proposed previously,21 wherein tetrahydrofuran undergoes ring cleavage
induced by an ortho-benzyne (Scheme 4.4a).21 The mechanism proposed by Dr. Jankiewicz
(Scheme 4.4b) also shows ring cleavage of tetrahydrofuran to form a primary carbocation 31,
which then undergoes ring closure and elimination of propene to form 37. The weakest part of this
mechanism is the formation of intermediate 31, a primary carbocation, which is highly unlikely.
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Table 4.4 Efficienciesa and ionic primary productb branching ratios for reactions of charged
ortho-pyridynes with tetrahydrofuran measured6 in a FT-ICR mass spectrometer. Table taken
from Reference 6.

S-T Gap (kcal/mol)
EA (eV)c

c

17

18

19

-32.5
5.64

-24.4
6.23

-45.4
6.80

CH2O abs.
2 x H abs.
C2H4 abs.

Eff. = 33%
a

66%
31%
3%

CH2O abs.
CH3O abs.
2 x H abs.
H2O abs.
Hydride abs.

74%
13%
6%
4%
3%

H2O abs.
CH2O abs.
Hydride abs.
H+ Transfer
2 x H abs.
C2H4O abs.

Eff. = 88%

48%
27%
12%
10%
2%
1%

Eff. 84%
b

Reaction efficiency (Eff.; percent of collisions that lead to a reaction) = k/kcoll x 100. abs. = abstraction. cValues
from Reference 6.
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Scheme 4.4 a) Mechanism proposed by Wolthuis et. al. for ring cleavage of tetrahydrofuran by
ortho-benzyne.21 b) Mechanism proposed by Dr. Bartłomiej J. Jankiewicz showing CH2O
abstraction by the charged ortho-pyridyne 18.6

To test whether addition followed by ring cleavage of tetrahydrofuran by the charged orthopyridyne occurs, 18 was allowed to react with 2,2,5,5-tetramethyltetrahydrofuran. 2,2,5,5Tetramethyltetrahydrofuran was chosen as a reagent because addition followed by ring cleavage
of this molecule would form a tertiary carbocation, which is much more likely than formation of a
primary carbocation. No reaction was observed, however, which is likely due to steric hindrance.
In other words, the presence of the methyl groups likely hindered addition of the oxygen atom in
2,2,5,5-tetramethyltetrahydrofuran to 18 and prevented initiation of CH2O abstraction. A new
mechanism is proposed here based on a published solution reaction mechanism of ortho-benzyne
with diethyl ether.22 This mechanism involves nucleophilic addition of diethyl either to orthobenzyne followed by abstraction of a proton and elimination of ethene. The mechanism proposed
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here proceeds through nucleophilic addition of tetrahydrofuran to 17 to form 38 followed by ring
expansion to form 39 (Scheme 4.5). Intermediate 40 undergoes a 1,2-hydride shift to form 41, a
secondary carbocation, which eliminates propene to form 42 (Scheme 4.5). Examination of the
ground state geometries and energies of the proposed intermediates, 38 and 39, and the separated
reactants and products via quantum chemical calculations at the B3LYP/6-31G++(d,p) level of
theory by me supports part of the proposed mechanism. However, the calculations also suggested
that the secondary carbocation intermediate 41 does not form. Upon geometry optimization of
intermediate 41, the carbonyl oxygen abstracts a proton from the beta position of the butyl chain.
The intermediate formed after proton transfer is not likely to form 42. Thus, the mechanism has
been modified to the mechanism shown in Scheme 4.6. Based on this mechanism, the final product
42 is formed via a concerted reaction from 40. The proposed mechanism shown in Scheme 4.6 is
currently being examined via quantum chemical calculations by Jacob R. Milton.
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N
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N
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-30.4 kcal/mol

-109.9 kcal/mol

42

-57.0 kcal/mol

Scheme 4.5 Mechanism proposed here for CH2O abstraction. The numbers in red are the
enthalpies (calculated by me at the B3LYP/6-31G++(d,p) level of theory) of the intermediates
relative to the separated reactants, tetrahydrofuran and charged ortho-pyridyne 17.
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Scheme 4.6 Newest proposed mechanism for CH2O abstraction by 17 from tetrahydrofuran.

The major reaction observed by Dr. Bartłomiej J. Jankiewicz for 2-dehydropyridine radical
cation 19 with tetrahydrofuran was H2O abstraction. The proposed mechanism for this reaction is
shown in Scheme 4.7. To examine the proposed final structure of the H2O abstraction product ion,
this product ion (m/z 96) was subjected to CAD. The resulting mass spectrum was then compared
to a mass spectrum measured after CAD (at the same normalized collision energy) for protonated
2-hydroxypyridine, the proposed product of this reaction (Figure 4.3). Upon CAD, both ions lose
water to form a fragment ion of m/z 78 with approximately the same relative abundance, which
suggests that the H2O abstraction product ion is protonated 2-hydroxypyridine. However, to verify
the structure of 45, CAD of the other isomers, protonated 3-hydroxypyridine and protonated 4hydroxypyridine, should be examined.

N

O

N

O
H

19

43

N
H
44

O
H

N
H
45

Scheme 4.7 Proposed mechanism for H2O abstraction by 19 from tetrahydrofuran.6
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Figure 4.3 CAD mass spectra measured at a normalized collision energy of 20 arbitrary units for
protonated 2-hydroxypyridine (top) and for the H2O abstraction product ion formed upon
reaction of 2-dehydropyridine radical cation with tetrahydrofuran (bottom).

4.4.3

Reactions with Allyl Iodide
The major reaction observed for 17 and 18, as well as a common reaction observed for all

charged ortho-pyridynes (Table 4.5), was C3H4 abstraction from allyl iodide. Hence, it was
examined here. Several mechanisms have been proposed by Dr. Jankiewicz for this reaction.6
These mechanisms were proposed based on previously examined23,24 solution reactions of orthobenzyne with Grignard reagents containing an allyl group. ortho-Benzyne was found to react with
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Grignard reagents via addition that may occur via three mechanisms in solution: nucleophilic
addition, concerted anionic 1,3-cycloaddition or [2+2] cycloaddition.23,24 Since allyl iodide cannot
form an anion similar to anions formed by Grignard reagents,23 Dr. Jankiewicz only considered
[2+2] cycloaddition and nucleophilic addition mechanisms. Scheme 4.8a shows one mechanism
proposed by Dr. Jankiewicz that is initiated by [2+2] cycloaddition of allyl iodide to form 46.6
Ring opening followed ring closure and abstraction of a proton from 48 by iodide form the final
product 49. Scheme 4.8b shows two mechanisms (proposed by Dr. Jankiewicz6) initiated by
nucleophilic addition of allyl iodide to charged ortho-pyridyne 17. The conversion of 17 to 46 can
be thought of as occurring through intermediate 50, wherein 46 forms via a barrierless bond
formation between the nearby positive and negative charges of 50 (Scheme 4.8b). The formation
of 47 is unlikely as it is a small, doubly charged ion. Hence, the mechanism proposed for the
formation of the final product 49 via the formation 47 should be ruled out. Quantum chemical
calculations are currently being carried out by Jacob R. Milton to further evaluate these
mechanisms.
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Scheme 4.8 Mechanisms proposed by Dr. Bartłomiej Jankiewicz for the formation of the C3H4
abstraction product ion 49 upon reactions of charged ortho-pyridynes and allyl iodide.6
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Table 4.5 Efficienciesa and ionic primary productb branching ratios for reactions of charged
ortho-pyridynes with allyl iodide measured6 in a FT-ICR mass spectrometer. Table taken from
Reference 6.

S-T Gap (kcal/mol)
EA (eV)c

c

17

18

19

-32.5
5.64

-24.4
6.23

-45.4
6.80

C3H4 abs.
HI abs.
C3H5 abs.

I

Eff. = 31%
a

85%
9%
6%

C3H4 abs.
C3H5 abs.
2º I abs.
I abs.
2º I abs.
2º C3H5 abs.
CH + I abs.
HI abs.
2º C3H5 abs.

e- transfer
C3H4 abs.
HI abs.

69%
8%

54%
27%
19%

6%
6%
2%

Eff. = 66%

Eff. = 65%
b

Reaction efficiency (Eff.; percent of collisions that lead to a reaction) = k/kcoll x 100. abs. = abstraction. cValues
from Reference 6.

The proposed final product ion 49 (Scheme 4.8) formed in this reaction has a similar structure
(differing only in the location of the double bond) to the proposed addition – CO product ion 25
formed after reactions of charged ortho-pyridynes with furan (Scheme 4.1). Thus, the C3H4
abstraction product was subjected to CAD. The resulting mass spectrum was then compared to the
CAD mass spectrum measured for the addition – CO product formed when 2,3didehydropyridinium cation was allowed to react with furan (Figure 4.4). The similar mass spectra
suggest that the proposed structures are also similar, providing support for the proposed
mechanism.
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Figure 4.4 Comparison of a CAD mass spectrum measured (at a normalized collision energy of
18 arbitrary units) for the C3H4 abstraction product formed upon reaction of 18 with allyl iodide
(top) and a CAD mass spectrum measured (at a normalized collision energy of 18 arbitrary units)
for the addition – CO product formed upon reaction of 18 with furan.

4.5

Conclusions and Future Directions
In order to examine the influence of hydrogen bonding at the transition state for hydrogen

atom abstraction, the reactivity of sixteen protonated meta-pyridynes toward methanol was
examined. However, no major trends were observed that would have suggested that hydrogen
bonding between the protonated biradicals and methanol affected the efficiency of hydrogen atom
abstraction. We propose that this was due to competing reactions, such as H2O abstraction, addition
and addition-elimination reactions observed between the protonated biradicals and methanol,
which in many cases dominated hydrogen atom abstraction. To continue this research, the
reactivities of the protonated biradicals should be studied toward a different reagent that can form
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hydrogen bonds with the protonated biradicals. Cyclohexanol could be used as such a reagent since
it has a similar ionization energy to cyclohexane and cyclohexane showed major hydrogen atom
abstraction. Reactions with cyclohexanol could potentially show major hydrogen abstraction,
which would allow for comparison of the reactions between all of the protonated biradicals. The
presence of the OH group in cyclohexanol can allow for hydrogen bonding interactions at the
transition state and hence, the influence of hydrogen bonding at the transition state for hydrogen
atom abstraction may be examined with this reagent.
Several reaction mechanisms of charged ortho-benzynes were examined. Examination of the
mechanisms of reactions of protonated 2,3-didehydropyridinium cation and 2-dehydropyridine
radical cation with furan showed that the addition - CO reaction likely begins by nucleophilic
addition and not Diels-Alder addition. The addition – CO product ion was subjected to CAD,
which showed that it could have the structure that was originally proposed.6 However, this is not
entirely conclusive and the mechanism should be evaluated by using quantum chemical
calculations. Investigation of the reaction mechanism for CH2O abstraction by 2,3didehydropyridinium cation from tetrahydrofuran confirmed that addition is the likely first step in
the reaction. The CAD mass spectrum measured for the H2O abstraction product ion observed
upon a reaction between 2-dehydropyridine radical cation and tetrahydrofuran was similar to the
CAD mass spectrum for protonated 2-hydroxypyridine, which suggests that the proposed structure
of the H2O abstraction product ion is indeed protonated 2-hydroxypyridine. Finally, a comparison
of CAD mass spectra measured for the addition – CO product ion formed upon reactions of 2,3didehydropyridinium cation with furan and of the addition – C3H4 product ion formed upon
reactions of 2,3-didehydropyridinium cation with allyl iodide showed that they could have similar
structures (differing only in the location of a double bond) since both CAD mass spectra showed
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a loss of a C2H3 radical with a similar relative abundance. These mechanisms should be examined
computationally.
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PRELIMINARY GAS-PHASE STUDIES ON THE REACTIVITY OF
TWO CHARGED AROMATIC !, !, !, !, ! − PENTARADICALS: THE
1,2,4,5,7-PENTADEHYDROQUINOLINIUM CATION AND THE
1,2,4,6,8-PENTADEHYDROQUINOLINIUM CATION

5.1

Introduction
Aromatic carbon-centered σ,σ,σ,σ,σ-pentaradicals are interesting molecules that contain five

unpaired electrons. To the best of my knowledge, no experimental observations or theoretical
studies of such species have been reported. However, extensive theoretical studies1–6 and limited
experimental studies7–14 have been conducted on analogous σ,σ,σ,σ-tetraradicals (benzdiynes).
Recently, our laboratories reported the first kinetic reactivity study of a σ,σ,σ,σ-tetraradical, the
2,4,6-tridehydropyridine radical cation, carried out by using FT-ICR mass spectrometry.15 The
tetraradical was found to behave like a highly-reactive ortho-benzyne with a much less reactive
meta-benzyne moiety.15 No radical reactions were observed. Here, the reactivities of two related
pentaradicals,

the

1,2,4,5,7-pentadehydroquinolinium

cation

1

and

the

1,2,4,6,8-

pentadehydroquinolinium cation 2 and some related mono-, bi-, tri- and tetraradicals (Figure 5.1)
were examined toward cyclohexane in a LQIT mass spectrometer.
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Figure 5.1 The pentadehydroquinolinium cations and related mono-, bi-, tri- and tetraradicals
studied.

5.2

Experimental
The radical precursors 2,4,5,7-tetraiodoquinoline, 2,4,6,8-tetraiodoquinoline, 2,4,5-

triiodoquinoline, 2,4,7-triiodoquinoline, 2,4,6-triiodoquinoline, 2,4,8-triiodoquinoline 4,5diiodoquinoline, 4-iodo-8-nitroquinoline and 4-iodoquinoline for 1-6, 10, 13 and 15, respectively,
were synthesized by Dr. Raghavendhar R. Kotha.16

Dr. Kotha also synthesized the 2,4-

diiodoquinoline precursor of 7 and 9, as well as the 2-iodoquinoline precursor of 8 and 16.16 The
radical precursors 4,7-diiodoquinoline, 4,6-diiodoquinoline and 4,5,7-triiodoquinoline for 11, 12
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and 17, respectively, were synthesized by Duanchen Ding. The quinoline precursor of 14 was
purchased from Sigma Aldrich. Cyclohexane, carbon disulfide, methanol and acetonitrile were
purchased from Sigma Aldrich and used as received.
Solutions containing precursors for 1-13 and 15-17 were prepared at a concentration of
approximately 2 mmol in 50/50 (v/v) methanol/acetonitrile. APCI of these solutions produced
protonated precursor molecules. A solution containing the precursor for 14 was prepared at the
same concentration in carbon disulfide. For some studies, solutions containing precursors for 1-3
or 6 were also prepared at the same concentration in carbon disulfide. APCI of these solutions
produced precursor radical cations. All solutions containing radical precursors were injected into
the APCI source at a flow rate of 10 µL/min. APCI conditions were: 300 °C vaporizer temperature,
30 (arbitrary unit) sheath gas (N2) flow, 15 (arbitrary unit) auxiliary gas (N2) flow, and 5 µA
discharge current.
A previously described dual-linear quadrupole ion trap (DLQIT) that was modified with an
external reagent mixing manifold17–19 was used for these experiments.20 The instrument contained
two differentially pumped Thermo Scientific LQIT mass spectrometers that were connected with
an octupole for the efficient transfer of ions from the first LQIT into the second LQIT. The APCI
source of the instrument was operated in positive ion mode to form protonated precursor molecules
or precursor radical cations.
The ionized precursors for 7-13 and 15-17 were isolated in the ion trap by using an isolation
width of m/z 2 and a q value of 0.25. The radical sites were generated by using CAD. The
generation of 8, which involved the loss of HI, is shown in Scheme 5.1. To generate biradical 8,
protonated 2-iodoquinoline was isolated in the ion trap and subjected to CAD at a normalized
collision energy of 35 arbitrary units. Upon CAD, protonated 2-iodopyridine loses and iodine atom
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and HI. The product ion formed upon HI loss was isolated and allowed to react with cyclohexane.
To generate triradical 7, protonated 2,4-diiodoquinoline was isolated in the ion trap and subjected
to CAD at a normalized collision energy of 40 arbitrary units. Upon CAD, protonated 2,4diiodoquinoline loses I and HI. The product ion formed upon HI loss was isolated and subjected
to CAD at a normalized collision energy of 25 arbitrary units. Loss of an iodine atom was observed.
This fragment ion was then isolated and allowed to react with cyclohexane for varying periods of
time. Monoradical 14 was generated upon APCI. The radical sites in 1-6 were generated by using
in-source CAD. During in-source CAD, the ions were accelerated through the ion optics region of
the instrument (located between the ion transfer capillary and the linear ion trap) via the application
of a supplemental dc voltage that added to the overall voltage gradient across this region. The
acceleration of the ions and collisions with neutral gas molecules in this region induced
fragmentation of the ions. By using this method, all the radical sites were generated before the
charged radicals reached the ion trap.

CAD
N
H

I

-HI

N
8

Scheme 5.1 Generation of biradical 8 by using CAD in the ion trap.

The charged radicals of interest were isolated by using an isolation width of m/z 2 and
allowed to react with cyclohexane. An external reagent mixing manifold (described in Chapter 2)
was used to introduce the reagent, cyclohexane, into the ion trap. Cyclohexane was infused into
the reagent mixing manifold by using a syringe drive at flow rate of 5 µL/h. The efficiency of each
reaction was determined by using the method described in Chapter 2. The primary products and
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their branching ratios were also determined by using the methods described in Chapter 2. All
molecular orbital calculations were carried out by Dr. John Nash.
Background reactions with water present in the ion trap were observed for all radicals where
water addition to the charged radicals was observed. Therefore, the reactions with water were
subtracted from the measured rate data. This was carried out as follows. The reagent introduction
manifold was opened to the instrument, allowing helium into the ion trap, but no reagent was
introduced into the ion trap. The charged radicals were isolated in the ion trap and the decay of
their abundance, as well as the increase in the abundance of the water addition product, were
monitored as a function of time. Next, a semilogarithmic plot (rate plot) of the decay in the
abundance of the reacting radical species as a function of time was generated. The slope of this
rate plot was subtracted from the slope of the rate plot of the reaction between the charged radical
and cyclohexane in order to subtract the rate of water abstraction from the background from the
rate of the actual reaction. Reactions with cyclohexane were examined under exactly the same
conditions as the reactions with the background except for the introduction of cyclohexane into
the ion trap.

5.3

The Reactivities of 1,2,4,5,7-Pentadehydroquinolinium Cation, 1,2,4,6,8Pentadehydroquinolinium Cation and Related Mono- and Polyradicals Toward
Cyclohexane
The goals of this study were to confirm the formation of the 1,2,4,5,7-

pentadehydroquinolinium cation and the 1,2,4,6,8-pentadehydroquinolinium cation by using
structurally diagnostic reactions with cyclohexane and to improve the general understanding of the
factors that control pentaradical reactivities via kinetic reactivity studies. The reactivities of 1-17
toward cyclohexane were examined in collaboration with Xin Ma and the results are shown in
Tables 5.1, 5.2 and 5.3.
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Upon reactions with cyclohexane, pentaradicals 1 and 2 abstracted five hydrogen atoms,
which strongly suggests that they each contain five radical sites. The pentaradicals 1 and 2,
tetradicals 3-6 and biradical 8 reacted with cyclohexane predominantly by abstraction of two
hydrogen atoms. All of these charged radicals primarily abstract only two hydrogen atoms because
they likely react first at their ortho-benzyne moieties. This is supported by the reactivity of
biradical 8 (Table 5.3), which was found to mainly abstract two hydrogen atoms at an efficiency
of 33%, and through comparison of the reactions between other related biradicals and cyclohexane,
which are discussed below. Biradical 10 also predominantly abstracted two hydrogen atoms from
cyclohexane, but at a much lower efficiency (9%). Since the reactions at the ortho-benzyne moiety
in 8 are much faster than reactions at the radical sites in 10, I expect that pentradicals 1 and 2 and
tetraradicals 3-6 react at their ortho-benzyne moieties first. The related biradical 9 did not react
with cyclohexane and hence, reactions at the analagous sites in 1, 2 and 3-6 were not expected.
Biradicals 11 and 12 reacted with cyclohexane primarily by abstraction of one hydrogen atom
while biradical 13 showed major addition. Since biradicals 11-13 show different primary reactions
compared to pentaradicals 1 and 2 and tetraradicals 3-6, initial reactions at the analagous moieties
were ruled out. In addition, the previously studied16 5,7-didehydroquinolinium cation did not react
with cyclohexane while the 6,8-didehydroquinolinium cation reacted16 with cyclohexane
predominantly by abstraction of one hydrogen atom at an efficiency of 0.3%. The differences in
reactivity of these biradicals compared to the major reactions of 1, 2 and 3-6 suggest that the
analogous sites in these polyradicals do not react first. Finally, monoradicals 14, 15 and 16 reacted
mainly by one hydrogen atom abstraction, as expected.
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Table 5.1 Reaction efficienciesa and ionic primary productb branching ratios for reactions of
pentaradicals 1 and 2 with cyclohexane.

N

N

1
Doublet-Sextet splittingc (kcal/mol)
EAc,d (eV)

2

-88.7
8.25
2 x H abs.
Hydride abs.
CH4 abs.
2º C3H3 abs.
2º C2H2 abs.
C2H5 abs.
C3H7 abs.
C5H9 abs.
Add. – H
3 x H abs.
4 x H abs.
2º H abs.

54%
11%
8%
6%
6%
5%
4%
4%
2%

Eff. = 2%

-85.0
8.27
2 x H abs.
C3H6 abs.
C4H7 abs.
C3H5 abs.
Hydride abs.
CH4 abs.
C2H5 abs.
3 x H abs.
C2H4 abs.
C4H9 abs.
Add. – H
C3H7 abs.
4 x H abs.
5 x H abs.

48%
7%
7%
6%
6%
5%
4%
3%
3%
3%
3%
3%
1%
1%

Eff. = 2%

a

Reaction efficiency (% of collisions that lead to a reaction) = kreaction/kcollision x 100. babs. = abstraction, add. =
addition cCalculated at the CASPT2/cc-pVTZ//MCSCF(15,15)/cc-pVTZ level of theory. dFor the ground doublet
state.

Table 5.2 Reaction efficienciesa and ionic primary productb branching ratios for reactions of
tetraradicals 3-6 with cyclohexane.

N

N

3
2 x H abs.
Hydride abs.
Add.
C2H4 abs.
4 x H abs.

46%
26%
25%
2%
1%

4
2 x H abs.
Add.
Hydride abs.
C2H4 abs.
4 x H abs.

N

45%
24%
24%
5%
2%

5
2 x H abs.
Add.
Hydride abs.
C2H4 abs.
4 x H abs.

N

44%
29%
22%
4%
1%

6
2 x H abs.
Hydride abs.
Addition
C2H4 abs.
4 x H abs.

33%
27%
18%
18%
4%

68% URIc
57% URIc
42% URIc
9% URIc
Eff. = 0.5%
Eff. = 0.5%
Eff. = 0.6%
Eff. = 1%
a
Reaction efficiency (% of collisions that lead to a reaction) = kreaction/kcollision x 100 babs. = abstraction, add. =
addition. cURI = unreactive isomer.
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Table 5.3 Reaction efficienciesa and ionic primary productb branching ratios for reactions of 7-16
with cyclohexane.

N

?

N

7

N
H

8

EAc = 6.39 eV
S-T splittingd = -51.6 kcal/mol

Add. – H
2 x H abs.
3 x H abs.
C4H7 abs.
C3H5 abs.
C5H9 abs.

49%
38%
8%
2%
1%
1%

Eff. = 36%

2 x H abs.
Add.
Hydride abs.

N
H

9

10

EA2,30d,e = 6.11 eV
∆E2.30d,e = 8.7 kcal/mol
S-T splittingd = -26.5 kcal/mol

69%
18%
13%

2 x H abs.
Addition
Hydride abs.

64%
28%
8%

No reaction
24% URIf
Eff. = 33%

78% URIf
Eff. = 9%

N
H

N
H

11

N

N
H

12

13

14
d

EA = 8.40 eV
H abs.
2o H abs.
Addition
Hydride abs.
54% URIf
Eff. = 4%

85%
12%
3%

H abs.
2o H abs.
Addition
Hydride abs.

70%
20%
1%

32% URIf
Eff. = 2%

Addition
H abs
2º H abs.
Hydride abs.

53%
42%

H abs.

100%

5%

2% URIf
Eff. = 3%

Eff. = 2%
N
H

N
H

15

16

EAd = 5.55 eV
H abs.

EAd = 6.34 eV
H abs.

100%

100%

Eff. = 14%
Eff. = 36%
Reaction efficiency (% of collisions that lead to a reaction) = kreaction/kcollision x 100 babs. = abstraction, add. =
addition. cCalculated at the (U)BLYP/aug-cc-pVDZ//(U)BLYP/cc-pVDZ level of theory. dCalculated at the RHFUCCSD(T)/cc-pVtZ//B3LYP/cc-pVTZ level of theory. eFor the (ground) singlet states. fURI = unreactive isomer.
a
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The reactivity controlling factors for mono- and biradicals (discussed in Chapter 4) explain
the relative reactivities of the mono- and biradicals studied here. Monoradical 16 reacted faster
than monoradical 15 due to its higher electron affinity (EA; 6.34 and 5.55 eV, respectively).
Although monoradical 14 has a higher EA (8.40 eV) than monoradicals 15 and 16, it reacted
substantially slower than 15 and 16. This observation is not understood at this time. Biradical 8
reacts slower than the previously reported 1,2-didehydropyridinium cation15 due to its lower EA
(6.39 eV and 6.80 eV, respectively), as expected.
Analysis of the reaction kinetics of biradical 9 showed the presence of two isomeric species,
where one is reactive and the other is not. The reactive isomer reacted with cyclohexane by
addition followed by the loss of a hydrogen atom and by abstraction of two hydrogen atoms at a
total efficiency of 14%. The relative abundance of the reactive isomer was 7%. The relative
abundance of the unreactive isomer was 93%. The unreactive isomer is likely biradical 9. Based
on the reactivity controlling factors for biradical 9, namely, EA2.30, ∆E2.30 and S-T splitting (6.11
eV, 8.7 kcal/mol and -26.5 kcal/mol, respectively), 9 is expected to be unreactive toward
cyclohexane. This conclusion was made based on a comparison of the reactivity of biradical 9 and
previously reported21 reactivities of substituted 2,4-didehydropyridinium cations. For example,
biradical 9 has a higher ∆E2.30 than 5-cyano-2,4-didehydropyridinium cation (8.7 and 8.2 kcal/mol,
respectively) and a lower EA2.30 (6.11 and 7.20 eV, respectively). Thus, like 5-cyano-2,4didehydropyridinium cation, biradical 9 should be unreactive toward cyclohexane. The reactive
isomer could be formed upon CAD of 2,4-diiodoquinolinium cation. The mechanism for the
formation of the reactive isomer should be explored.
Triradical 7 reacted with cyclohexane by addition followed by loss of a hydrogen atom,
abstraction of two and three hydrogen atoms, as well as by minor abstraction of C3H5, C4H7 and
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C5H9 at a total efficiency of 36%. However, the major reaction observed for 7, addition followed
by the loss of a hydrogen atom, is the same as the major reaction observed for the reactive isomer
of biradical 9 discussed above. This suggests that two isomers of triradical 7 may also be present.
Detailed analysis of the reaction kinetics did not show the presence of two isomers. However, if
the reaction rate of the isomeric species is similar to the reaction rate of triradical 7, then a nonlinear
curve fit may not be able to detect the presence of two isomers, which may be the case here. Thus,
the reactivity of triradical 7 cannot be characterized at this time.
Examination of the reactivities of tetraradicals 3-6 toward cyclohexane showed that they
reacted substantially slower than related biradical 8 (Table 5.2). This observation is not entirely
understood at this time, but it is likely due to the singlet ground states of the tetraradicals and the
various stabilizing spin-spin couplings between the radical sites. Spin-spin coupling due to overlap
of non-bonding orbitals was previously found to be an important reactivity controlling parameter
for the 2,4,6-tridehydropyridinium,22 the 3,4,5-tridehydropyridinium23 and the 3-hydroxy-2,4,6tridehydropyridinium24 cations examined by using FT-ICR mass spectrometry. Recently, the
reactivity of the 4,5,8-tridehydroisoquinolinium25 cation was examined by using FT-ICR mass
spectrometry. Due to stronger spin-spin coupling between the radical sites C4 and C8 than between
the other radical sites in the triradical, the intrinsically least reactive radical site C5 was found to
react first.25 Therefore, in order to better understand the behavior of the tetraradicals, the reactivity
of all the related bi- and triradicals should be examined to study the influence of spin-spin coupling
between the different radical sites.
Pentaradicals 1 and 2 reacted faster than analogous tetraradicals 3-6. To further probe the
radical sites that react first in 1 and 2, reactions of the product ions formed upon two hydrogen
atom abstractions for both pentaradicals were examined. The product derived from pentaradical 1
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underwent major hydrogen atom abstraction, two hydrogen atom abstractions and addition
followed by the loss of a hydrogen atom at a total efficiency of 2% (Table 5.4). The reactivity of
this radical ion was compared to the reactivity of the 4,5,7-tridehydroquinolinium cation
(generated via CAD of the precursor 4,5,7-triiodoquinolinium cation in the ion trap), which also
showed major abstraction of one and two hydrogen atoms and addition followed by the loss of a
hydrogen atom at an efficiency of 3% (Table 5.4). These preliminary results suggest that the
structure of the product ion formed upon abstraction of two hydrogen atoms from cyclohexane
may be the same as 4,5,7-tridehydroquinolinium cation. However, above experiments need to be
repeated.

Table 5.4 Reaction efficienciesa and ionic primary productb branching ratios for reactions of the
triradical formed upon two hydrogen atom abstractions from cyclohexane by pentaradical 1 (left)
and the 4,5,7-tridehydroquinolinium cation (right).

N
H

H abs.
2 x H abs.
2º H abs.
Add. – H
CH4 abs.
C4H5 abs
C4H7 abs.
C3H4 abs
72% URIc
Eff. = 2%
a

H

N
H

?
39%
31%
20%
4%
4%
2%

H abs.
2 x H abs.
2º H abs.
2º C4H5 abs.
Add. – H
CH4 abs.
C3H4 abs.
C5H9 abs

H

73%
10%
9%
4%
3%
1%

Eff. = 3%

Reaction efficiency (% of collisions that lead to a reaction) = kreaction/kcollision x 100 babs. = abstraction, add. =
addition cURI = unreactive isomer
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The product ion formed upon two hydrogen atom abstractions from cyclohexane by pentaradical
2 reacted with cyclohexane via major hydrogen atom abstraction, as well as addition followed by
the loss of a hydrogen atom at an efficiency of 4%. The reactivity of the product ion derived from
pentaradical 2 should be compared to the reactivity 4,6,8-tridehydroquinolinium cation.
Furthermore, the reactivity of the product ions formed upon two hydrogen atom abstractions from
cyclohexane by pentaradicals 1 and 2 is different than the reactivity of four isomeric triradicals
previously studied by Dr. Raghavendhar R. Kotha.16 The 2,4,5-tridehydroquinolinium cation,
2,4,7-tridehydroquinolinium cation and 2,4,8-tridehydroquinolinium cation reacted with
cyclohexane predominantly by addition followed by the loss of a hydrogen atom at efficiencies of
16%, 10% and 23%, respectively. The 2,4,6-tridehydroquinolinium cation reacted predominantly
by abstraction of two hydrogen atoms at an efficiency of 11%. The product ions derived from
pentaradicals 1 and 2 discussed above react predominantly by one hydrogen atom abstraction at
much lower efficiencies and thus, they likely have different structures than the isomeric triradicals
studied previously.
Similar to tetraradicals 3-6 above, the slower reactions of pentaradicals 1 and 2 compared to
the analogous biradical 8 may be explained by stabilizing spin-spin coupling between the radical
sites. The degree of spin-spin coupling between the radical sites in 1 and 2 can be inferred from
the calculated S-T splittings of the related biradicals. For example, based on the S-T splitting for
1,2-didehydroquinolinium cation 8 (-51.6 kcal/mol, Table 5.3), there is strong coupling between
the radical sites at N1 and C2 in pentaradical 1. However, based on the S-T splittings for 2,4didehydroquinolinium cation 9 (-26.5 kcal/mol, Table 5.3) and 1,5-didehydroquinolinium cation
(-20.3 kcal/mol, calculated at the CASPT2/MCSCF(12,12)/cc-pVTZ//MCSCF(12,12)/cc-pVTZ
level of theory), there is also fairly strong coupling between sites C2 and C4 and sites N1 and C5
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There may be weak coupling between sites C4 and C7, as well as sites C2 and C5. Pentaradical 2
has the same degree of coupling between sites N1 and C2 and C2 and C4 as 1. Though the
calculated S-T splitting for 4,8-didehydroquinolinium cation is unknown, I hypothesize that there
is also fairly strong coupling between sites C4 and C8 in 2.

5.4

Conclusions and Future Directions
The

1,2,4,5,7-pentadehydroquinolinium

cation

1

and

the

1,2,4,6,8-

pentadehydroquinolinium cation 2 were generated in a LQIT mass spectrometer. Based on
reactions with cyclohexane, the pentaradicals were concluded to contain five radical sites. Like the
pentaradicals 1 and 2, the related 1,2-didehydroquinolium cation 8 predominantly abstracted two
hydrogen atoms from cyclohexane at an efficiency of 33% while other analogous biradicals reacted
differently with cyclohexane. These results suggest that the first two hydrogen atoms are abstracted
by sites N1 and C2 in pentaradicals 1 and 2. To further test the hypothesis that the first two
hydrogen atoms are abstracted by the ortho-benzyne moiety for pentaradicals 1 and 2, the product
ions corresponding to this reaction were isolated and allowed to react with cyclohexane.
Preliminary results suggest that for pentaradical 1, the structure of this ion could be 4,5,7tridehydroquinolinium cation 17. For pentaradical 2, the reactivity of this ion should be compared
to that of 4,6,8-tridehydroquinolinium cation. The reactivity of 4,6,8-tridehydroquinolinium cation
toward cyclohexane was not examined here. The precursor for this charged triradical should be
synthesized and its reactivity should be characterized.
Tetraradicals 3-6 and pentaradicals 1 and 2 reacted with cyclohexane predominantly by
abstraction of two hydrogen atoms. The tetraradicals 3-6 reacted at low efficiencies of 0.5%, 0.5%,
0.6% and 1%, respectively. These efficiencies were much lower than expected. Thus, important
questions remain about the spin-spin couplings between the radical sites. To explore the effects of
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spin-spin coupling, the reactivities of the related bi- and triradicals should be examined. The
pentaradicals 1 and 2 were found to react slightly faster than the tetraradicals (2% and 2%,
respectively). However, similar to the above tetraradicals, the overall reaction efficiencies of 1 and
2 were much lower than expected, which is likely due to stabilizing spin-spin coupling between
the radical sites. To study the effects of spin-spin coupling on the reactivity of 1 and 2, the
reactivity of all other analogous bi- tri- and tetraradicals should be examined.
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Identification of the Phenol Functionality in Deprotonated
Monomeric and Dimeric Lignin Degradation Products via
Tandem Mass Spectrometry Based on Ion–Molecule
Reactions with Diethylmethoxyborane
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Hilkka I. Kenttämaa
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Abstract. Conversion of lignin into smaller molecules provides a promising alternate
and sustainable source for the valuable chemicals currently derived from crude oil.
Better understanding of the chemical composition of the resulting product mixtures is
[M+DEMB]
essential for the optimization of such conversion processes. However, these mixtures
151
are complex and contain isomeric molecules with a wide variety of functionalities,
[M-H]
which makes their characterization challenging. Tandem mass spectrometry based
219
on ion–molecule reactions has proven to be a powerful tool in functional group
[M+DEMB-MeOH]
identification and isomer differentiation for previously unknown compounds. This
study demonstrates that the identification of the phenol functionality, the most comm/z
monly observed functionality in lignin degradation products, can be achieved via ion–
molecule reactions between diethylmethoxyborane (DEMB) and the deprotonated analyte in the absence of
strongly electron-withdrawing substituents in the ortho- and para-positions. Either a stable DEMB adduct or an
adduct that has lost a methanol molecule (DEMB adduct-MeOH) is formed for these ions. Deprotonated phenols
with an adjacent phenol or hydroxymethyl functionality or a conjugated carboxylic acid functionality can be
identified based on the formation of DEMB adduct-MeOH. Deprotonated compounds not containing the phenol
functionality and phenols containing an electron-withdrawing ortho- or para-substituent were found to be
unreactive toward diethylmethoxyborane. Hence, certain deprotonated isomeric compounds with phenol and
carboxylic acid, aldehyde, carboxylic acid ester, or nitro functionalities can be differentiated via these reactions.
The above mass spectrometry method was successfully coupled with high-performance liquid chromatography
for the analysis of a complex biomass degradation mixture.
Keywords: Ion–molecule reactions, Lignin degradation products, Phenol functionality, Phenols
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Introduction

T

he pursuit of renewable and sustainable chemical resources for energy and chemicals currently derived from
crude oil has motivated researchers in exploring the conversion
of lignocellulosic biomass into fuels and chemicals [1–6]. An
important component of lignocellulosic biomass is lignin, which
can make up to 25% of whole lignocellulosic biomass [7].

Electronic supplementary material The online version of this article (doi:10.
1007/s13361-016-1442-9) contains supplementary material, which is available
to authorized users.
Correspondence to: Hilkka I. Kenttämaa; e-mail: hilkka@purdue.edu

Lignin is a heavily crosslinked biopolymer composed of phenolic units with diverse and complex structural motifs [8, 9]. Due to
its high aromatic carbon content, researchers have focused on
converting lignin into valuable aromatic chemicals [7–10]. However, the inherent complexity of lignin often leads to the production of very complex mixtures of molecules with a wide variety
of functionalities. The analysis of such mixtures is a challenging
task. Yet, chemical characterization of these product mixtures is
essential for the optimization of the lignin degradation processes
and further conversion of the products into valuable chemicals.
Tandem mass spectrometry has proven to be a powerful tool
in the characterization of lignin degradation product mixtures.
Negative ion mode electrospray ionization (ESI) with sodium
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hydroxide dopant has been identified as the best ionization
method for degraded lignin as it exclusively forms
deprotonated molecules with no fragmentation for lignin model
compounds [11]. Other ionization methods, such as positive
ion mode ESI or atmospheric pressure chemical ionization
(APCI), either cause extensive fragmentation or form multiple
ion types for each compound [11]. When used in HPLC/
tandem mass spectrometry experiments, negative ion mode
ESI facilitates the analysis of complex lignin degradation product mixtures [12, 13]. Structural information for the ionized
molecules can be obtained via multiple stages of ion isolation
and collisionally activated dissociation (CAD) experiments
[14]. However, isomeric ions can have similar CAD fragmentation patterns, making their differentiation challenging [12].
Therefore, new methods for structural elucidation of isomeric
aromatic ions are needed.
Past studies have shown that ion–molecule reactions can be
a powerful tool for structural elucidation of ionized analytes
[15, 16]. Identification of functional groups can be achieved by
using neutral reagents that exhibit specific reactivity towards
ions with these functional groups [17–23]. However, most
studies on functional group-specific ion–molecule reactions
have focused on protonated analytes. Only in a few cases were
deprotonated analytes examined [24–28], and to the best of our
knowledge, no reagents have been developed for the identification of the phenol functionality. In this study, diethyl
methoxyborane (DEMB) is explored as a reagent for the identification of the phenol functionality in deprotonated ligninrelated analytes. DEMB is known to react with negative ions
and has been shown to allow differentiation of isobaric ions
(deprotonated phosphorus- and sulfocarbohydrates) [25].

Experimental
Chemicals
Diethylmethoxyborane (97%), phenol (99%), 2-ethoxyphenol
(98%), 3-methoxyphenol (96%), 4-ethoxyphenol (99%), 2methoxy-4-propylphenol (99%), isoeugenol (98%), methyl
ferulate (99%), catechol (99%), resorcinol (99%), hydroquinone (99%), 2-hydroxybenzyl alcohol (99%), 3hydroxybenzyl alcohol (99%), benzoic acid (99.5%),
terephthalic acid (98%), phthalic acid (99.5%), 3-nitrophenol
(99%), 4-nitrophenol (99%), 2-hydroxybenzaldehyde (98%),
3-hydroxybenzaldehyde (99%), 4-hydroxybenzaldehyde
(98%), methyl 2-hydroxybenzoate (99%), methyl 3hydroxybenzoate (99%), methyl 4-hydroxybenzoate (99%),
2-hydroxybenzoic acid (99%), 3-hydroxybenzoic acid (99%),
4-hydroxybenzoic acid (99%), 2-hydroxycinnamic acid (99%),
3-hydroxycinnamic acid (98%), 4-hydroxycinnamic acid
(97%), 2-hydroxyphenacetic acid (97%), 3-hydroxy phenacetic
acid (99%), 4-hydroxyphenacetic acid (98%), vanillic acid
(97%), syringic acid (95%), sinapic acid (98%), 4methoxybenzoic acid (99%), and 4-hydroxy-3-methylbenzoic
acid (97%) were purchased from Sigma Aldrich (MO, USA)
and used as received. Vanillin (99%) was purchased from

Fisher Scientific (MA, USA) and used as received.
Guaiacylglycerol guaiacyl ether (97%) was purchased from
TCI America (OR, USA) and used as received. Lignin β-5
dimer was synthesized via a previously reported method [29].
Converted Miscanthus biomass was obtained via a previously
published procedure [30].

Mass Spectrometry
All experiments were performed on a Thermo Scientific (MA,
USA) linear quadrupole ion trap (LQIT) mass spectrometer
equipped with an electrospray ionization (ESI) source operated
in the negative ion mode. Sample solutions were prepared at a
concentration of 1 mmol in 50/50 water/methanol (v/v) solution. Ten μL of 1 mM NaOH water solution were added into
5 mL of sample solution to facilitate the formation of
deprotonated analyte molecules. The NaOH-doped sample solutions were injected into the ion source at a flow rate of 10 μL/
min. The injected solutions were mixed via a T-connector with
50/50 water/methanol (v/v) at a flow rate of 100 μL/min to
maintain stable spray current. Typical ESI conditions were:
3.5 kV spray voltage, 20 (arbitrary unit) sheath gas (N2) flow,
10 (arbitrary unit) auxiliary gas (N2) flow, and 2 (arbitrary unit)
sweep gas (N2) flow.

Ion–Molecule Reactions
Ion–molecule reactions between deprotonated analytes and
DEMB were studied using an external reagent mixing manifold
described previously [18, 31, 32]. DEMB was injected into the
manifold by using a syringe drive at a flow rate of 10 μL/min
and then diluted with helium at a flow rate of 500 mL/min. The
manifold was heated to 70 °C for efficient evaporation of
DEMB into helium. The DEMB-helium mixture was then
directed into a variable leak valve that allowed part of the
mixture gas to enter the ion trap at a flow rate of 2 mL/min
while the excess was directed into waste. Analyte ions were
isolated using an isolation window of 2 m/z and a q value of
0.25. The isolated ions were allowed to react with DEMB for
30–500 ms before being ejected for detection.

High Performance Liquid Chromatography
All HPLC separations were performed on a Surveyor Plus
HPLC system consisting of a dcolumn. A nonlinear gradient
of water (A) and acetonitrile (B) was used as follows: 0.00 min,
95% A and 5% B; 10.00 min, 95% A and 5% B; 30.00 min,
40% A and 60% B; 35.00 min, 5% A and 95%; 38.00 min, 5%
A and 95% B; 38.50 min, 95% A and 5% B; 45.00 min, 95% A
and 5% B. The flow rate of the mobile phase was kept at
500 μL/min. PDA detector was set at the wavelength of
254 nm.
HPLC eluents were mixed via a T-connector with 1%
sodium hydroxide solution at a flow rate of 0.1 μL/min before
entering the ESI source. ESI source conditions were set as:
3.5 kV spray voltage; 50 (arbitrary unit) sheath gas (N2) flow,
and 20 (arbitrary unit) auxiliary gas (N2) flow.
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Table 1. Ionic Products Formed Upon Reactions of Deprotonated Model Compounds with Diethylmethoxyborane (DEMB) for 200 ms

Analyte ion (m/z of [M-H]-)

a

Ion structure

Products formed upon
reactions with DEMBa
(m/z)

phenol (91)

91+DEMB (191)

2-ethoxyphenol (137)

137+DEMB (237)

3-methoxyphenol (137)

123+DEMB (223)

4-ethoxyphenol (123)

137+DEMB (237)

2-methoxy-4-propylphenol (165)

165+DEMB (265)

isoeugenol (163)

163+DEMB (263)

methyl ferulate (207)

207+DEMB (307)

catechol (109)

109+DEMB-MeOH (177)

resorcinol (109)

109+DEMB (209)

hydroquinone (109)

109+DEMB (209)

2-hydroxybenzyl alcohol (123)

123+DEMB-MeOH (191)

3-hydroxybenzyl alcohol (123)

123+DEMB (223)

guaiacylglycerol guaiacyl ether (319)

319+DEMB (419)

lignin  -5 dimer (325)

325+DEMB (425)

benzoic acid (121)

No products observed

terephthalic acid (165)

No products observed

Only products with 5% or greater relative abundance reported. DEMB adduct are colored in red; DEMB adduct-MeOH are colored in blue

Computational Details
All density functional theory (DFT) calculations were performed using the Gaussian 09 software package [33]. Geometry optimizations were performed using the hybrid

functional M06-2X [34] with the 6-31+G(d,p) basis set for
potential surface calculations. All other geometries were
optimized using 6-311++G(2d,p) basis set. Enthalpy values
were obtained by calculating vibrational frequencies at the
same level of theory at which they were optimized. Natural
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bond orbital (NBO) analyses were performed at the M062X/6-311++G(2d,p) level of theory.

phenols in a catalytically converted biomass sample containing multiple phenolic compounds.

Results and Discussion

Formation of a DEMB Adduct for Deprotonated
Phenols

Multiple model compounds containing phenol, carboxylic
acid, and other functionalities (Tables 1, 2, and 3) were
ionized via negative ion mode ESI with NaOH as dopant. These compounds formed exclusively [M – H]–
upon ionization. The deprotonated analytes were allowed
to react with diethylmethoxyborane (DEMB) in order to
explore whether it provides a useful reagent for the
identification of the phenol functionality in deprotonated
lignin-related analytes. After obtaining promising results
on model compounds, the method was used to identify

Upon reactions with DEMB, deprotonated phenol and
most deprotonated substituted phenols (Tables 1, 2, and
3) formed a DEMB adduct ion ([M – H + DEMB]–) that
has 100 units greater m/z-value than the analyte ion. The
substituents include alkyl, alkenyl, hydroxymethyl, alkoxy,
phenol (Table 1), nitro, aldehyde, carboxylic acid ester
(Table 2), and carboxylic acid (Table 3). The boroncontaining adduct can be easily identified by the characteristic boron isotope distribution (100% 11B to 20% 10B).
Larger model compounds (i.e., two lignin dimers with β-O-

Table 2. Ionic Products Formed Upon Reactions of Deprotonated Phenol and Its Derivatives Containing Electron-Withdrawing Substituents with DEMB for 200 ms,
Calculated NBO Charges of the Deprotonated Phenols at the Phenoxide Oxygen, and Calculated Energy Differences Between the Reactants and Their Products

Products formed
upon reactions with
DEMBa (m/z)

Calculated
NBO
chargeb

Energy
difference
(kcal/mol)d

91+DEMB (191)

-0.808c

-34.2

No products observed

-0.721c

-25.1

3-nitrophenol (138)

138+DEMB (238)

-0.782c

-28.8

4-nitrophenol (138)

No products observed

-0.726c

-23.4

121+DEMB (221)
minor

-0.766c

-27.3

121+DEMB (221)

-0.793c

-31.0

No products observed

-0.743c

-26.4

methyl 2-hydroxybenzoate
(151)

151+DEMB (251)
minor

-0.724c

-27.6

methyl 3-hydroxybenzoate
(151)

151+DEMB (251)

-0.798c

-31.9

methyl 4-hydroxybenzoate
(151)

151+DEMB (251)
minor

-0.752c

-27.2

Analyte ion
(m/z of [M-H]-)
phenol (91)
vanillin (151)

2-hydroxybenzaldehyde
(121)
3-hydroxybenzaldehyde
(121)
4-hydroxybenzaldehyde
(121)

a

Ion
structure

Products with 5% or greater relative abundance are colored in red. Products with relative abundance between 0.1% and 5% are considered to be minor
NBO = natural bond orbital. Calculated at M06-2X/6-311G++(2d,p)
Charge on the phenoxide oxygen atom
d
Relative energy difference in enthalpy between product ion and separated reactants. Calculated at M06-2X/6-311G++(2d,p) level of theory
b
c
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4 and β-5 linkages) also exclusively produced DEMB
adducts (Table 1). However, deprotonated compounds not
containing the phenol functionality, such as deprotonated
benzoic acid, showed no reactivity towards DEMB
(Table 1). Based on the above results and the results
discussed below, the formation of a DEMB adduct is
unique to deprotonated analytes with the phenol functionality. However, not all phenolic compounds form this
adduct.
In contrast to the phenolic compounds discussed above,
DEMB adduct formation was not observed for deprotonated
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vanillin (Table 2) that contains a phenol functionality as
well as an electron-withdrawing aldehyde functional group.
This observation led to further examination of the effects of
electron-withdrawing substituents (aldehyde, nitro, and carboxylic acid ester) in the analyte ion on its reactivity
toward DEMB (Table 2). Deprotonated phenols with an
electron-withdrawing substituent at the ortho- or para-position were found to exhibit no reactivity towards DEMB,
whereas the meta-substituted isomers formed the DEMB
adduct ion (Table 2). An explanation for this behavior
was sought by quantum chemical calculations.

Table 3. Ionic Products Formed upon Reactions of Deprotonated Model Compounds Containing a Phenol and a Carboxylic Acid Functional Group with DEMB for
200 ms

Analyte ion (m/z of [M-H]-)

a

Structure

Products formed upon
reactions with DEMBa
(m/z)

2-hydroxybenzoic acid (137)

No products observed

3-hydroxybenzoic acid (137)

137+DEMB (251)

4-hydroxybenzoic acid (137)

137+DEMB-MeOH (177)

2-hydroxycinnamic acid (137)

137+DEMB-MeOH (177)

3-hydroxycinnamic acid (137)

137+DEMB (251)

4-hydroxycinnamic acid (137)

137+DEMB-MeOH (177)

2-hydroxyphenacetic acid (151)

No products observed

3-hydroxyphenacetic acid (151)

151+DEMB (251)

4-hydroxyphenacetic acid (151)

151+DEMB (251)

vanillic acid (16)

167+DEMB-MeOH (235)

syringic acid (197)

197+DEMB-MeOH (265)

sinapic acid (223)

223+DEMB-MeOH (291)

Only products with 5% or greater relative abundance are reported. DEMB adduct is colored in red, DEMB adduct-MeOH is colored in blue
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(a)

(b)

[M+DEMB MeOH]

[M+DEMB]

[M+DEMB]

No reaction

[M+DEMB]

[M+DEMB MeOH]

Figure 1. (a) Tandem mass spectra measured after reactions of (top) deprotonated catechol, (middle) deprotonated resorcinol, and
(bottom) deprotonated hydroquinone with DEMB for 200 ms. (b) Tandem mass spectra measured after reactions of (top)
deprotonated 2-hydroxybenzoic acid, (middle) deprotonated 3-hydroxybenzoic acid, and (bottom) deprotonated 4hydroxybenzoic acid with DEMB for 200 ms

Calculations based on density functional theory showed that
the NBO electron density on the phenoxide oxygen atom in
deprotonated phenols is reduced in the presence of an ortho- or
para-positioned electron-withdrawing substituent compared with
meta-substituted phenols (Table 2), making them weaker nucleophiles. For example, the meta-substituted 3-hydroxybenzaldehyde

has a NBO charge density of –0.793 on its phenoxide oxygen
(formation of a stable DEMB adduct was observed) whereas its
isomer, the para-substituted 4-hydroxybenzaldehyde, has a lower
NBO charge density of –0.743 (no reactivity toward DEMB was
observed). The ortho-substituted 2-hydroxybenzaldehyde has a
NBO charge of –0.766 that falls between 3-hydroxy

Figure 2. (a) Proposed mechanism and (b) calculated potential energy surface (enthalpy in kcal/mol) for the formation of a DEMB
adduct that has lost methanol upon reactions between deprotonated catechol and DEMB (M06-2X/6-31+G(d,p) level of theory)
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benzylaldehyde and 4-hydroxybenzyaldehyde (a minor DEMB
adduct was observed). The above results show that a larger charge
density on the phenoxide oxygen correlates with higher reactivity
towards DEMB.
However, based on calculations, all the phenols form
a low-energy covalently bound adduct with DEMB (Table 2). In the gas phase, these adducts are not stable
toward dissociation back to reactants unless they are
stabilized either by emission of IR light or by collisions
with the helium buffer gas. The lower the energy of the
adduct, the longer its lifetime, and the more likely it is
that it gets stabilized via one of these processes. Indeed,
the energy of the covalent DEMB adducts relative to the
separated reactants (Table 2) was calculated to be
greatest (from –29 down to –34 kcal/mol) for those ions
that formed an abundant stable adduct as a final product,
slightly less for those that formed a minor adduct (–
27 kcal/mol) and even less for those that did not form
a stable adduct (from –23 down to –26 kcal/mol). This

likely explains the selectivity for stable DEMB adduct
formation for different deprotonated phenols.

Formation of DEMB Adduct-MeOH
When deprotonated catechol (containing two adjacent phenol
functionalities) was allowed to react with DEMB, it did not
form a stable DEMB adduct but instead a DEMB adduct that
had lost methanol ([M – H + DEMB – MeOH]–) with 68 units
greater m/z-value than the analyte ion (Table 1, Figure 1a).
Formation of this type of product ion was not observed for the
isomeric resorcinol or hydroquinone, which both formed a
stable DEMB adduct instead (Table 1; Figure 1a). Exclusive
formation of DEMB adduct-MeOH was also observed for
deprotonated 2-hydroxybenzyl alcohol but not for the isomeric
deprotonated 3-hydroxybenzyl alcohol, the hydroxyl and phenol groups of which are further away from each other (Table 1).
These observations suggest that an additional phenol or hydroxyl functionality in close proximity to the deprotonated

(a)

slope= 0.00700±0.00008

slope= 0.00510±0.00008

(b)

(c)

0.0

[ 0.3]

Separated
reactants

TS

21.6

2.6
Separated
products

Reactant
complex

Figure 3. (a) Logarithm of the abundances of deprotonated 4-hydroxybenzoic acid (black symbols) and DEMB adduct-MeOH
product ion (blue symbols) plotted as a function of reaction time for the reaction between DEMB and deprotonated 4hydroxybenzoic acid generated using NaOH doped water solution (left) and acetonitrile solution (right). (b) Mechanism proposed
for the formation of DEMB adduct that has lost methanol. (c) Calculated potential energy surface (enthalpies in kcal/mol) for the
formation of DEMB adduct-MeOH (M06-2X/6-31+G(d,p) level of theory)
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phenol group is critical for the formation of DEMB adductMeOH. The potential energy surface for the proposed mechanism, calculated via density functional theory, is shown in
Figure 2 for catechol (CAD mass spectrum of the product ion
is shown in Supplementary Table S1, Supporting Information).
Formation of DEMB adduct-MeOH was also observed for
certain deprotonated phenols with carboxylic acid functionalities. When regioisomers of deprotonated hydroxycinnamic
acid, hydroxyphenylacetic acid, and hydroxybenzoic acid were
allowed to react with DEMB (Table 3), DEMB adduct-MeOH
was observed for 4-hydroxybenzoic acid, 2-hydroxycinnamic
acid, and 4-hydroxycinnamic acid, the phenol and carboxylic
acid functionalities of which are conjugated. All other ions
either only formed a DEMB adduct or were unreactive. The
lack of products for 2-hydroxyphenylacetic acid and 2hydroxybenzoic acid can be explained by the presence of
strong intramolecular hydrogen bonding in their deprotonated
forms (Figure 1b), which reduces their nucleophilicity. For the
ions that formed DEMB adduct-MeOH, such as 4hydroxybenzoic acid, the originally proposed mechanism (Figure 2) is no longer applicable since the distance between the
carboxylic acid and phenol functionalities is too great. Therefore, a different mechanism must be involved.

(a)

One issue that must be considered here is that hydroxybenzoic
acids have two possible deprotonation sites. If the benzoic acid
moiety is exclusively deprotonated in some of them, one would
expect no reactivity toward DEMB, based on the above results.
Literature studies have shown that experimental conditions can
influence the site of deprotonation of 4-hydroxybenzoic acid upon
ESI [35, 36]. After some controversy on which is the preferred site
of deprotonation in different solvent systems, the generally agreed
upon conclusion appears to be that the phenoxide anion greatly
dominates when using aprotic solvents (such as acetonitrile) while
the carboxylate tautomer is also formed when using protic solvents (such as water) [35, 36]. In order to establish whether this
applies to the present experiments utilizing ESI and protic solvents, the reactivity of DEMB toward 4-hydroxybenzoic acid
deprotonated using different solvents was studied.
The abundances of 4-hydroxybenzoic acid deprotonated
using an aprotic (acetonitrile) and protic solvent (water with
0.1% NaOH) and its DEMB adduct-MeOH product were measured as a function of reaction time. Ion–molecule reactions
studied under the conditions utilized here follow pseudo-first
order kinetics. Hence, a plot of the logarithm of the reactant
ion’s relative abundance versus reaction time is a straight line
with a negative slope equal to the rate constant multiplied by

(b)
2

3

(c)
1

1
Noreaction

CO2

2

[M+DEMB]

CO2

3

[M+DEMB MeOH]

CO2

Figure 4. (a) (top) Total ion HPLC chromatogram measured for an equimolar mixture of 4-methoxybenzoic acid (1), 4hydroxyphenylacetic acid (2), and 4-hydroxy-3-methylbenzoic acid (3). Selected ion HPLC chromatograms measured for all ions
that formed DEMB adduct (middle), and DEMB adduct-MeOH (bottom) upon reaction with DEMB. (b) MS2 spectra measured after
reaction of deprotonated 4-methoxybenzoic acid (top), deprotonated 4-hydroxyphenacetic acid (middle), and deprotonated 4hydroxy-3-methylbenzoic acid (bottom) with DEMB for 200 ms. (c) CAD MS2 spectra measured for deprotonated 4-methoxybenzoic
acid (top), deprotonated 4-hydroxyphenacetic acid (middle), and deprotonated 4-hydroxy-3-methylbenzoic acid (bottom) after a
separate HPLC run followed by ionization, ion isolation and CAD
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DEMB concentration. With the concentration of DEMB
staying constant under the conditions employed here (the concentration of reactant ions is substantially smaller than the
concentration of the reagent molecules), the rate constant is
proportional to the value of the negative slope, which is larger
(0.007 versus 0.005) when the reactant ions were generated
using acetonitrile (Figure 3a). This finding is in agreement with
the literature results discussed above that acetonitrile is expected to produce more phenoxide ions, whereas water doped with
NaOH should produce more carboxylate anions (about 40%
relative to the phenoxide ions) [35]. However, since both ion
populations are reactive toward DEMB, phenoxide ions exist
in both. Hence, exclusive deprotonation of the carboxylic acid
moiety is unlikely. This finding is in agreement with the CAD
mass spectra measured for 4-hydroxybenzoic acid
deprotonated using the aprotic and protic solvent systems and
the potential energy surfaces calculated for these reactions
(Supplementary Figures S1 and S2). CO2 loss from the phenoxide ion is calculated to be more energetically favorable than
from the carboxylate ion (Supplementary Figure S1). Indeed,
the ions generated from acetonitrile solution fragment more
readily by CO2 loss than the ions generated from water/NaOH
solution (Supplementary Figure S2), suggesting that more
phenoxide ions had been formed in the acetonitrile solution.

(a)

DEMB Ion–Molecule Reactions Coupled
with HPLC
The formation of a DEMB adduct or DEMB adduct-MeOH is
fast. At 200 ms reaction time, the relative abundances of
DEMB adduct ions with respect to analyte ions are greater than
20% for all model compounds that exhibit reactivity towards

Total Ion Current

Extracted ion current for 1
ions that form [M H+DEMB]

(b)

Based on the findings above, a new mechanism is proposed
for the formation of DEMB adduct-MeOH (Figure 3b) for
compounds with conjugated carboxylic acid and phenol functionalities, such as 4-hydroxybenzoic acid. In these
deprotonated molecules, the charge on the deprotonated phenol
moiety can resonate onto the carboxylic acid oxygen, which
enables nucleophilic attack by the carboxylic acid moiety at the
boron atom in DEMB. After addition, the carboxylic acid
moiety can donate a proton to a methoxy group to eliminate
methanol. Potential energy surface calculated for the proposed
mechanism shows a low barrier of –0.3 kcal/mol for DEMB
adduct-MeOH formation for the reaction between deprotonated
4-hydroxybenzoic acid and DEMB (Figure 3c; CAD mass
spectrum of the product ion is shown in Supplementary Table S1 and proposed fragmentation mechanism in Supplementary Scheme S1).

2
3

(c)

4

Ion4

[M H]

[M+DEMB]

Figure 5. (a) (top) Total ion current HPLC chromatogram for a mixture obtained via catalytic conversion of Miscanthus biomass.
(bottom) Selected ion HPLC chromatogram for all ions that form a DEMB adduct. (b) Structures of the four major phenols that were
identified in the mixture. (c) MS2 spectrum measured after isolation of ion 4 (m/z 165) and reaction with DEMB for 200 ms
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DEMB. Thus, this reaction should be compatible with chromatographic time scale. In order to test this hypothesis, an
equimolar mixture of three isomers, 4-methoxybenzoic acid,
4-hydroxyphenylacetic acid, and 4-hydroxy-3-methylbenzoic
acid, was subjected to HPLC/tandem mass spectrometric analysis (Figure 4a). The compounds were eluted using a gradient
consisting of water and acetonitrile, deprotonated via ESI as
they eluted from the column, and allowed to react with DEMB
for 200 ms in the ion trap. Typically, about 40 such MS
experiments were performed for each HPLC peak. Due to the
lack of a phenol functional group, deprotonated 4methoxybenzoic acid showed no reactivity toward DEMB
(Figure 4b). Deprotonated 4-hydroxy-3-methylbenzoic acid
that contains both a phenol functional group and a conjugated
carboxylic acid functional group formed DEMB adductMeOH, whereas deprotonated 4-hydroxyphenacetic acid
formed DEMB adduct (Figure 4b). Hence, these three isomers
can be differentiated using this approach. It is notable that these
isomers cannot be differentiated when using conventional
HPLC/MS2 analysis based on CAD, as all three ionized isomeric compounds undergo the same fragmentations upon CAD
(Figure 4c).
Once coupled with HPLC, the above approach can be used
for rapid screening of mixtures for the presence of phenolcontaining compound. This was demonstrated by the analysis
of a product mixture obtained by catalytic conversion of
Miscanthus biomass (Figure 5). Using the same water/
acetonitrile gradient, HPLC eluates were ionized by negative
ion mode ESI and the most abundant ion formed for each eluate
was isolated and allowed to react with DEMB for 200 ms in the
ion trap. The complexity of the product mixture is demonstrated by the total ion current chromatograph shown in Figure 5a.
However, by monitoring ions that produce an ion with 100
units greater m/z value, an extracted ion chromatogram can be
obtained that represents compounds with the phenol functionality (Figure 5a). No DEMB adduct-MeOH product ions were
observed, indicating the absence of phenols with adjacent
hydroxyl or conjugated carboxylic acid functionalities. For
the product mixture studied, four major phenols were identified. Their structures were elucidated via CAD of their
deprotonated forms and comparison to CAD of model compounds (Figure 5b) [30].

Conclusions
A tandem mass spectrometry method is presented for the
selective detection of the phenol functionality in di- and
polyfunctional analytes related to lignin. The method is based
on gas-phase ion–molecule reactions of the deprotonated
analytes with DEMB. All deprotonated phenol model compounds form stable DEMB adduct ions ([M – H + DEMB]–) or
DEMB adduct ions that have lost a methanol molecule ([M – H
+ DEMB-MeOH]–) except for the ones with a strong electron
withdrawing substituent in the ortho- or para-position.
Deprotonated phenols with an adjacent phenol or

hydroxymethyl group and those with a conjugated carboxylic
acid group can be identified based on the formation of DEMB
adduct-MeOH, although this product ion is formed via different mechanisms for these two types of analytes. Deprotonated
compounds with no phenol functionalities and phenols with an
electron-withdrawing substituent in the ortho- or para-position
were unreactive toward DEMB. By coupling the above technique with HPLC, an entire class of analytes can be identified
in complex mixtures by using a single HPLC run. A catalytically converted Miscanthus biomass sample was analyzed to
demonstrate the potential of tandem mass spectrometry based
on ion–molecule reactions as a high-throughput screening tool
for lignin degradation product mixtures.
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ABSTRACT: The in vivo oxidation of sulfur and nitrogen
atoms in many drugs into sulfoxide and N-oxide functionalities
is a common biotransformation process. Unfortunately, the
unambiguous identiﬁcation of these metabolites can be
challenging. In the present study, ion−molecule reactions of
tris(dimethylamino)borane followed by collisionally activated
dissociation (CAD) in an ion trap mass spectrometer are
demonstrated to allow the identiﬁcation of N-oxide and
sulfoxide functionalities in protonated polyfunctional drug
metabolites. Only ions with N-oxide or sulfoxide functionality
formed diagnostic adducts that had lost dimethyl amine
(DMA). This was demonstrated even for an analyte that contains a substantially more basic functionality than the functional
group of interest. CAD of the diagnostic product ions (M) resulted mainly in type A (M − DMA) and B fragment ions (M −
HO−B(N(CH3)2)2) for N-oxides, but sulfoxides also formed diagnostic C ions (M − OBN(CH3)2), thus allowing
diﬀerentiation of the functionalities. Some protonated analytes yielded abundant TDMAB adducts that had lost two DMA
molecules instead of just one. This provides information on the environment of the N-oxide and sulfoxide functionalities.
Quantum chemical calculations were performed to explore the mechanisms of the above-mentioned reactions. The method can
be implemented on HPLC for real drug analysis.

■

INTRODUCTION

Tandem mass spectrometry based on collisionally activated
dissociation (CAD) coupled with high-performance liquid
chromatography (HPLC/MS/MS) is widely used to identify
drug metabolites. However, in many cases, sulfoxide, N-oxide,
and common C-hydroxylation metabolites have the same
molecular weight. Moreover, due to the lack of speciﬁc
fragmentation patterns for ionized N-oxides (for an example,
see Figure S1) and sulfoxides upon CAD,14−16 it is challenging
to unambiguously identify these functionalities and to diﬀerentiate them from C-hydroxylation metabolites.
Tandem mass spectrometric methods based on ion−
molecule reactions hold great promise for being able to provide
information useful in the identiﬁcation of speciﬁc functional
groups in small organic molecules and in diﬀerentiation of
isomers.17−28 This can be carried out on analytes as they elute
from an HPLC.29,30 However, most of these past studies
focused on simple monofunctional analytes instead of real
polyfunctional drug metabolites. Furthermore, no ion−

In phase I oxidative metabolism, N-oxides and sulfoxides are
common metabolites for many sulfur and nitrogen containing
heterocyclic drugs1,2 (for examples of N-oxide metabolites,3 see
Figure 1). Fast structural elucidation of these metabolites is
essential for the drug discovery process since the metabolites
may have profoundly altered functional parameters from those
of the drugs, such as adverse biological activity, diﬀerent
clearance rates, and enhanced toxicity.4−7 Hence, it is crucial to
establish methods that allow the unambiguous identiﬁcation of
compounds containing these two functionalities, especially in
drugs that contain both sulfur and nitrogen atoms. However,
most analytical methods still face challenges in the
identiﬁcation of N-oxide and sulfoxide functionalities in
molecules in complex mixtures.8−10
Although NMR is invaluable in the identiﬁcation of Chydroxylation metabolites, the low natural abundances of 15N
(0.37%) and 33S (0.74%) limit the use of NMR in the detection
of N- and S-containing oxidation products.11,12 Moreover, the
metabolite of interest must exist in suﬃcient quantities and be
puriﬁed for structure determination by NMR.13
© 2015 American Chemical Society
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tional drug metabolites. The applicability of the method on a
real drug sample was demonstrated by the identiﬁcation of an
N-oxide metabolite isolated from dog liver microsomes.

■

RESULTS AND DISCUSSION

Reactions of TDMAB with Protonated Drug Metabolites (MS2 Experiments). Protonated monofunctional Noxide, pyridine, and amide model compounds have been
reported previously to react with TDMAB via facile formation
of a TDMAB adduct that has lost a neutral dimethylamine
(DMA) molecule (TDMAB adduct − DMA) in MS 2
experiments (see the top of Figure 3 for the ion−molecule
reaction and a representative MS2 spectrum below the
mechanism).24 The same was observed here for the ﬁrst time
for simple sulfoxides (see Table S1 in Supporting Information).
Analogous reactivity has not been observed for monofunctional
compounds containing other functionalities, including sulﬁde,
sulfone, amino, imino, hydroxy, carboxylic acid, and carboxylic
ester groups.24 In this study, formation of a TDMAB adduct
followed by elimination of DMA was found to be the major
reaction only for protonated polyfunctional drug metabolites
containing either an N-oxide or a sulfoxide functionality (Figure
2; Table 1). Some N-oxides and sulfoxides underwent addition
to TDMAB followed by elimination of two DMA molecules
instead (discussed later). Other protonated polyfunctional

Figure 1. Three possible isomeric oxidation metabolites (2−4) of 2aminothiazolo-benzazepine (2-ATBA), 7-[(1-methyl-1H-pyrazol-4-yl)methyl]-6,7,8,9-tetrahydro-5H-[1,3]thiazolo[4,5-h][3]benzazepin-2amine (1).3 The N-oxides were identiﬁed as being formed in human,
rat, dog, and monkey microsomes.

molecule reactions have been reported that could be used to
diﬀerentiate protonated tertiary N-oxides from sulfoxides. In
the present study, gas-phase ion/molecule reactions of
tris(dimethylamino)borane (TDMAB) followed by CAD are
demonstrated to allow the unambiguous identiﬁcation of
protonated sulfoxide and N-oxide functionalities in polyfunc-

Figure 2. Drugs and drug metabolites used in this study. The functional groups that are involved in the formation of TDMAB adducts that have lost
a DMA molecule and TDMAB adducts that have lost two DMA molecules (discussed later in this paper) are marked in red.
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Table 1. Observed Product Ions Formed upon Reactions of TDMAB (T) with Protonated Cetirizine N-Oxide, Olanzapine NOxide, Ricobendazole, Sulindac and Zileuton Sulfoxide (all referred to as M below) and Their Relative Abundances (MS2
experiments) as well as the Compositions and Relative Abundances of the CAD Products of the TDMAB Adducts That Had
Lost a DMA Molecule (MH+ + T − DMA, also referred to as N below) (MS3 experiments) (the color coding matches that in
Figure 3)

a

The formation of a DMA adduct upon reaction with TDMAB may occur as shown in Figure S2.

oxygen atom of the N-oxide or sulfoxide group to the boron
center. The proton aﬃnity (PA) of TDMAB is 230 kcal/mol,24
which is close to the PAs of N-oxide24 (∼230 kcal/mol) and
sulfoxide27 (∼220 kcal/mol) functionalities in simple analytes.
Hence, proton transfer can occur between simple protonated
N-oxides or sulfoxides and TDMAB, eventually leading to the
formation of TDMAB adducts that have lost a DMA molecule.
The selectivity of TDMAB toward protonated N-oxides and
sulfoxides in simple monofunctional analytes may be partially

compounds studied (without sulfoxide or N-oxide functional
groups) did not rapidly undergo either reaction (Figure 2;
Table 2).
The likely mechanisms for the formation of TDMAB adducts
that have lost a neutral DMA molecule for protonated N-oxides
and sulfoxides are shown in Figure 3. As proposed in the
literature for N-oxides,24 the mechanisms involve initial proton
transfer from protonated N-oxide or sulfoxide to the amino
moiety of TDMAB followed by nucleophilic addition of an
577
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alities, is not surprising (Table 2). For methionine sulfone and
albendazole sulfone, the most basic site is not the sulfone group
but a primary amino group and an imino group, respectively.
The PAs of these groups (both 222 kcal/mol; Figures S3 and
S8) are well below that of TDMAB, which explains the
observation of protonated TDMAB and a stable TDMAB
adduct also for these protonated molecules (Table 2).
In the other extreme, some analytes, such as quetiapine,
olanzapine and hydroxymethylolanzapine, contain a highly
basic imino or amino group (the PAs of the most basic tertiary
amino groups are 240, 246, and 249 kcal/mol, respectively;
Figure S4) that cannot be deprotonated by TDMAB to initiate
the diagnostic reaction sequence. Hence, it is not surprising
that no reactions were observed for such analytes (quetiapine,
olanzapine, and 2-hydroxymethylolanzapine; Table 2).
The diagnostic reactivity (formation of TDMAB adducts that
have lost a DMA molecule) dominated only for compounds
containing a sulfoxide or an N-oxide functionality. The
calculated PAs of the sulfoxide functionalities (219, 224, 230,
and 234 kcal/mol) and one N-oxide functionality (231 kcal/
mol) in the polyfunctional compounds studied (Figures S3−
S8) were found to be similar to those of related simple
monofunctional compounds. In most cases, these also are the
most basic functionalities in the compounds and thus most
likely to be protonated. Hence, it is not surprising that similar
reactivity toward TDMAB (Table 1) was observed as in the
case of simple monofunctional molecules containing a sulfoxide
(Table S1) or an N-oxide24 functionality. Upon interaction with
TDMAB, deprotonation of the protonated N-oxide or sulfoxide
functionality occurs and the diagnostic product ion is formed,
as shown in Figure 3.
However, the PAs of the N-oxide functionalities in
olanzapine N-oxide (240 kcal/mol; Figure S4), cetirizine Noxide (245 kcal/mol; Figure S5), and quetiapine N-oxide (248
kcal/mol; Figure 4) are very high, likely due to intramolecular
hydrogen bond formation with nearby functionalities for two of
these analytes (the hydroxyl group 27O in quetiapine N-oxide
(Figure 4, bottom) and the carbonyl group 26O in cetirizine Noxide (Figure S5)). TDMAB should not be able to abstract a
proton from these protonated N-oxide groups. In spite of this,
the diagnostic TDMAB adducts that had lost a DMA molecule
were formed for protonated quetiapine (Table 3), olanzapine
and cetirizine N-oxides (Table 1). These ﬁndings strongly
suggest that the two protonated analytes (ionized by ESI from
methanol solution) carry the proton not only on the most basic
site (N-oxide) but also on sites with PAs less or equal to that of
TDMAB (230 kcal/mol). These sites include a tertiary amino
group in quetiapine N-oxide (PA = 218 kcal/mol; Figure 4), in
olanzapine N-oxide (PA = 215 kcal/mol; Figure 4) and in
cetirizine N-oxide (PA = 223 kcal/mol; Figure S5). The ability
of the less basic functionalities to compete for the proton upon
ESI may be partially rationalized by the ﬁnding that the N-oxide
functionalities in neutral quetiapine and cetirizine N-oxides are
already involved in stabilizing hydrogen bonding (Figures 3
(top) and S5) and hence may not be accessible for protonation.
However, it should be also noted that protonation of other
functionalities besides the most basic one upon ESI is not
entirely unknown. Gaseous protonated 4-aminobenzoic acid
has been reported to carry the proton on either the carbonyl
group (favored by 8 kcal/mol in the gas phase) or both the
carbonyl group and the amino group, depending on the
solvent(s) used.31a−c Similarly, 4-hydroxybenzoic acid has been
found to be deprotonated on the phenol and/or carboxylic acid

Table 2. Observed Product Ions and Their Relative
Abundances for Reactions of Protonated Olanzapine, 2Hydroxymethylolanzapine, Quetapine, Methionine Sulfone,
Sulindac Sulfone, and Albendazole Sulfone (all referred to as
M below) (for structures, see Figure 2) with TDMAB (T)
(MS2 experiments)
Analyte (M)
Olanzapine
2-Hydroxymethylolanzapine
Quetiapine
Methionine sulfone

Sulindac sulfone

Albendazole sulfone

Observed product ions and their relative
abundances (MS2)
No Product
No Product
No Product
MH+ + DMAa (m/z 227)
T + H+ (m/z 144)
MH+ + DMAa (m/z 418)
T + H+ (m/z 144)
MH+ + T (m/z 516)
MH+ + T − DMA (m/z 471)
MH+ + DMAa (m/z 343)
MH+ + T (m/z 441)
T + H+ (m/z 144)
MH+ + T − DMA (m/z 396)

86%
14%
35%
34%
26%
5%
69%
20%
7%
4%

a

The formation of a DMA adduct upon reaction with TDMAB may
occur as shown in Figure S2.

rationalized based on the PAs of the analyte molecules.
TDMAB (PA = 230 kcal/mol) readily deprotonates protonated
analyte molecules with PAs lower than that of TDMAB,
including all analytes with only oxygen-containing functionalities, to yield protonated TDMAB.24 Protonated sulfones
(PAs range from 190−212 kcal/mol26) have PAs fairly close to
that of TDMAB but lower. Hence, they react with TDMAB to
form protonated TDMAB and a stable adduct (Figure 2; Table
2; two sulfones also gave a very small amount of TDMAB
adducts that had lost a DMA molecule). As mentioned above,
PAs of N-oxide24 (∼230 kcal/mol) and sulfoxide27 functionalities (∼220 kcal/mol) in simple compounds are greater than
those of sulfones and close to that of TDMAB. This enables
formation of a long-lived collision complex after proton
transfer, as the proton transfer is not highly exothermic,
which would lead to immediate separation of the proton
transfer products. Within the long-lived collision complex,
nucleophilic addition by the N-oxide24 or sulfoxide analyte
(Table S1) to the boron center of protonated TDMAB can
occur and lead to elimination of a DMA molecule as shown in
Figure 3.
In order to explore whether the above-mentioned rationale
also applies to polyfunctional molecules, quantum chemical
calculations were carried out to estimate the PAs of several
functionalities in most of the polyfunctional molecules studied
(Figures S3−S8), i.e., ricobendazole, albendazole sulfone,
quetiapine, quetiapine sulfoxide, quetiapine N-oxide, olanzapine, olanzapine N-oxide, 2-hydroxymethylolanzapine, cetrizine
N-oxide, sulindac, sulindac sulfone, methionine sulfone, and
compounds 2, 3, and 4 (for structures of these three
compounds, see Figure 1). The PAs calculated for all only
oxygen- or only sulfur-containing functionalities are less than
210 kcal/mol, as expected. Also as expected, sulfone
functionalities were calculated to have similar or slightly greater
PAs (199−213 kcal/mol) but still well below that of TDMAB
(PA = 230 kcal/mol). Hence, observation of protonated
TDMAB and a stable TDMAB adduct for sulindac sulfone,
which contains only oxygen- and/or sulfur-containing function578
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Figure 3. Likely mechanisms leading to the formation of TDMAB adducts that have lost a DMA molecule for protonated N-oxides24 and sulfoxides,
MS2 spectra showing the products of above reactions, and MS3 CAD mass spectra of the TDMAB adducts that have lost a DMA molecule, illustrated
using olanzapine N-oxide (top) and ricobendazole (bottom). Only sulfoxides yield the diagnostic type C fragment ions in the MS3 experiment.

sites depending on ESI conditions, in spite of the fact that the
phenoxide anion is more stable by 8 kcal/mol in the gas
phase.31d
Further support for the possibility that the polyfunctional
analytes studied here can carry the proton at several sites after
ESI is provided by examination of the behavior of one of the
sulfoxide-containing analytes. For quetiapine sulfoxide, the
sulfoxide group (PA = 234 kcal/mol) is not the most basic site,

as for the other sulfoxides studied; a tertiary amino group and
an imino group have substantially greater PAs (245 and 242
kcal/mol, respectively; Figure S4). If this analyte was solely
protonated at the most basic amino or imino functionalities,
TDMAB could not deprotonate the protonated molecule.
However, protonated quetiapine sulfoxide was found to yield
the diagnostic TDMAB adduct that had lost a DMA molecule
(and a TDMAB adduct that had lost two DMA molecules)
579
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amines are only 1.31 and 0.61 D
), which results in only low
solvation energy for the proton transfer complex.33 Hence, the
complex is more likely to dissociate to proton transfer products
or lose energy upon collisions with helium buﬀer gas to yield a
stable adduct rather than undergo further reactions. On the
other hand, the dipole moments of N-oxides (that of pyridine
N-oxide is 4.13 D31c) and sulfoxides (that of dimethyl sulfoxide
is 3.96 D31c) are large. Hence, the proton transfer collision
complexes of protonated TDMAB with N-oxides and sulfoxides
are better stabilized toward dissociation and have longer
lifetimes than those of amines, which allows for further
reactions within the collision complex after proton transfer.
Collisionally Activated Dissociation (CAD) of the
Diagnostic Product Ions (MS3 Experiments). Isolation of
the TDMAB adducts that had lost a DMA molecule followed
by CAD (MS3 experiments) can be used to diﬀerentiate Noxide and sulfoxide containing drug metabolites from each
other. For both sulfoxides and N-oxides, CAD of the diagnostic
ion proceeds through the elimination of a DMA molecule and a
HOB(N(CH3)2)2 molecule to produce type A and type B
fragment ions, respectively (Figure 3; Table 1). However,
sulfoxides also produce diagnostic type C fragment ions via
elimination of (CH3)2N−BO (Figure 3).
Quantum chemical calculations were used to examine the
mechanisms of formation of type A and B fragment ions by
using a simple N-oxide model compound (Figure 5, left). For
type A fragment ions, a six-membered transition state leads to
elimination of a DMA molecule. The barrier for formation of
type B fragment ions via a diﬀerent six-membered transition
state is calculated to be lower than that for type A ions, in
agreement with their relative abundances: type B fragment ions
usually dominate (Figure 3; Table 1). These ions are formed
via elimination of zwitterionic OB−(N(CH3)2)(NH+(CH3)2)
(Figure 5, bottom left). Based on these calculations, the likely
mechanisms for the formation of type A and B fragment ions
from the TDMAB adducts that have lost a DMA molecule for
protonated olanzapine N-oxide are shown in Figure S7.
Further calculations were performed to explore the
mechanism of formation of the diagnostic type C fragment
ions for sulfoxides by using a simple sulfoxide model
compound. A four-membered transition state was found to
lead to these fragment ions (Figure 5, right). An analogous
mechanism is not possible for N-oxides, which explains why
they do not form type C fragment ions. Based on calculations,
CAD of the TDMAB adduct of sulindac that has lost a DMA
molecule likely occurs as shown in Figure 6.
It is interesting to note that CAD of the TDMAB adducts of
protonated monofunctional sulfoxide model compounds that
have lost a DMA molecule did not show the above-mentioned
characteristic fragment ions (Table S1), with the exception of
losses of DMA molecules. None of their fragment ions were
formed by elimination of a boron containing molecule, as type
B and C fragment ions. Instead, they produced either
B(N(CH3)2)2+ or H2OB(N(CH3)2)2+ fragment ions, likely
because the N-containing part of the fragmenting ion is able to
stabilize the charge better than the sulfoxide-containing part
due to its small size. Hence, it is obvious that polyfunctional
analytes with an N-oxide or sulfoxide functionality can behave
very diﬀerently from simple compounds.
The formation of type A and B fragment ions via the
mechanisms discussed above requires the presence of a
hydrogen atom at an atom (carbon for all the compounds
discussed above) bound to the sulfoxide or N-oxide

Figure 4. PAs of the most basic functionalities are indicated for the
optimized quetiapine N-oxide protonated on the N-oxide functionality
(highlighted with a circle; top) and for the optimized neutral N-oxide
(bottom; B3LYP/6-31G++(d,p) level of theory). In both structures,
the N-oxide moiety is involved in hydrogen bonding with the terminal
hydroxyl functionality.

(Table 3). Hence, after ESI, this compound must carry a proton
at several sites, including the less basic tertiary amino and/or
the sulfoxide functionalities (PA = 225 and 234 kcal/mol,
respectively; Figure S4).
While the above-mentioned PA considerations help in
understanding the behavior of several analytes studied here,
they cannot fully explain the selectivity observed for TDMAB.
For example, some nitrogen functionalities other than N-oxide
have PAs close to those of sulfoxides and N-oxides, such as, for
example, the less basic tertiary amino group (220 kcal/mol) in
quetiapine (Figure S4). If this molecule was protonated at this
site (in addition to the most basic tertiary amino group with PA
= 240 kcal/mol), TDMAB should be able to deprotonate it and
form the diagnostic product. However, protonated quetiapine
does not form the diagnostic TDMAB adduct that has lost a
DMA molecule (Table 2). In agreement with this ﬁnding,
amines with PAs ranging from 227 up to 242 kcal/mol have
been reported to either transfer a proton to TDMAB or be
unreactive but not produce TDMAB adducts that have lost a
DMA molecule.24 TDMAB is able to deprotonate protonated
amines with PAs below 230 kcal/mol; however, no TDMAB
adducts that have lost a DMA molecule were observed for these
compounds.
The lack of reactivity of amines toward protonated TDMAB
within a collision complex after proton transfer is likely due to
their small dipole moments (e.g., those of methyl and triethyl
580
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Table 3. Observed Ion−molecule Reaction Product Ions and Their Relative Abundances as well as the Compositions and
Relative Abundances of the CAD Products of TDMAB Adduct − 2 DMA (MH+ + T − 2DMA, also referred to as N below)
Formed in Reactions of Protonated Quetiapine N-Oxide and Quetiapine Sulfoxide (referred to as M below) with TDMAB (T)

a

The formation of a DMA adduct upon reaction with TDMAB may occur as shown in Figure S2.

Figure 5. Calculated free energies of activation and free energy changes for reactions producing type A and B (left) and type C (right) fragment ions
for simple model compounds (MØ6-2X/6-311++G(d,p)//MØ6−2X/6-311++G(d,p) level of theory).

quetiapine sulfoxide, showed abundant products due to
elimination of not just one but two DMA molecules from
their TDMAB adducts (TDMAB adduct − 2 DMAB; Tables 1
and 3). These products were not observed for analytes without
a sulfoxide or N-oxide functionality. For protonated quetiapine
N-oxide and sulfoxide, TDMAB adducts that have lost two
DMA molecules are the major product ions (Table 3).
A possible mechanism for the formation of TDMAB adducts
of protonated quetiapine that have lost two DMA molecules is
shown in Figure 8. After the formation of the TDMAB adduct
that has lost one DMA molecule as described above, a hydroxyl

functionality. Hence, it is not surprising that no type B ions
were observed for zileuton sulfoxide that contains no hydrogen
atoms at carbon in the α-position to the sulfoxide group.
However, type A fragment ions were nevertheless observed. A
possible mechanism for the formation of these ions is shown in
Figure 7.
Formation of TDMAB Adducts That Have Lost Two
DMA Molecules upon Reactions of Some Protonated
Drug Metabolites with TDMAB (MS2 Experiments). Some
protonated drug metabolites containing a sulfoxide or N-oxide
functionality, i.e., cetirizine N-oxide, quetiapine N-oxide, and
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Figure 6. Proposed mechanisms for the formation of type A, B, and C fragment ions from TDMAB adduct of sulindac that has lost a DMA molecule.

Figure 7. Proposed mechanism for the formation of type A fragment ions upon CAD of TDMAB adduct of zileuton sulfoxide that has lost a DMA
molecule.

Figure 8. Proposed mechanism for the formation of the TDMAB adducts that have lost two DMA molecules for protonated quetiapine N-oxide.

group in the side chain is likely to add to the boron center,
followed by proton transfer and elimination of a second DMA
molecule. Formation of analogous product ions by protonated

cetirizine N-oxide and zileuton sulfoxide (Table 1) can be
explained in a similar manner by involving nucleophilic attack
by their carboxylic acid and hydroxylamino functionalities,
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Figure 9. Selected ion chromatograms for ions of m/z 314 and 330 for HPLC separation (phenyl column) of the dog liver metabolite mixture
containing compounds 1−3 (top) and the MS2 and MS3 spectra measured for compounds 2 and 3 ionized by ESI as they eluted from the column
(bottom).

nitrogen atoms or the sulfur atom in the thiazole ring (Figure 1;
Figure S1). Moreover, compound 3 is labile, which prevented
its puriﬁcation and the synthesis of the metabolite standard.
Tandem mass spectrometry and ion−molecule reactions
selective for hydroxylamines and N-oxides were used3 to rule
out the hydroxylamine metabolite. Solution reactions were used
to rule out the sulfoxide functionality, thus identifying the
unknown as the N-oxide 3. Hence, compound 3 provides a
great test case for the proposed MS3 method that, based on the
above-mentioned studies on pure compounds, can be used to
diﬀerentiate between N-oxide and sulfoxide functionalities in
polyfunctional analytes.
Since compound 3 was obtained as a mixture that contains
1−3 as well as other metabolites,3 an HPLC method was ﬁrst
developed to separate 3 from other metabolites. A phenyl
column (Figure 9, top) was found to completely separate 3
from the azepine N-oxide 2 whereas a C18 column could not
separate these two compounds (Figure S12).
The mass spectrometry results are summarized in Table 4
and Figure 9. The protonated drug molecule 1 did not react
with TDMAB, in agreement with the lack of sulfoxide or Noxide functionalities in this compound. The protonated azepine

respectively. Surprisingly, protonated quetiapine sulfoxide also
formed this product ion in spite of not containing a nearby
nucleophilic group. It is possible that the hydroxyl functionality
in the remote alkyl chain can reach over to the boron atom
bound to the sulfoxide group and react as shown in Figure 8 to
form TDMAB adducts that have lost two DMA molecules with
the calculated structure shown in Figure S8. Support for the
structures of the TDMAB adducts that have lost two DMA
molecules for quetiapine N-oxide and sulfoxide was obtained by
CAD (Figure S11). Based on these results, the observation of
TDMAB adducts that have lost two DMA molecules indicates
the presence of a sulfoxide or an N-oxide functionality with a
nearby nucleophilic group or a nucleophilic group that has
access to these functionalities.
Identiﬁcation of a Drug Metabolite Isolated from Dog
Liver Microsomes. The MS3 method described above was
used to conﬁrm the identiﬁcation3 of the drug metabolite 3
shown in Figure 1, an oxidized metabolite of 2-aminothiazolobenzazepine (1). The mass spectrometric characterization of 3
was challenging since CAD only indicated that the oxidation
occurred on the thiazole ring.3 Hence, it was impossible to
determine whether the oxidation site was one of the two
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Table 4. Observed Ion−Molecule Reaction Product Ions Formed in Reactions of Protonated 1−3 (referred to as M below) with
TDMAB (T) and Their Relative Abundances as well as the Compositions and Relative Abundances of the CAD Products of the
TDMAB Adducts That Had Lost a DMA Molecule (MH+ + T − DMA, also referred to as N below)

a

The formation of a DMA adduct upon reaction with TDMAB may occur as shown in Figure S2.

N-oxide reference compound 2 and the unknown metabolite 3
showed the TDMAB adducts that had lost one DMA molecule
to be indicative of the presence of a sulfoxide or an N-oxide
functionality. However, protonated compound 3 also showed
the TDMAB adduct that had lost two DMA molecules (Table
4), indicative of an N-oxide or sulfoxide with a nearby
nucleophilic functionality. This was expected if the oxidized
functionality was in the thiazole ring, as suggested earlier based
on solution reactions.3
Diﬀerentiation between sulfoxide and N-oxide metabolites
was performed using CAD. The TDMAB adducts that had lost
a DMA molecule formed from both compounds 2 and 3 gave
the typical type A and B fragment ions, as expected. Most
importantly, no type C fragment ions diagnostic for a sulfoxide
was formed, demonstrating that the unknown compound 3
contains an N-oxide functionality. Likely mechanisms for the
formation of the TDMAB adducts that have lost a DMA
molecule (and those that have lost two DMA molecules) and
their CAD reactions are shown in Figures S13 and S14 for 3.
They are analogous to the mechanisms discussed above for
pure compounds. In conclusion, the unknown compound was
identiﬁed as the thiazole N-oxide 3 by using HPLC/MS3
experiments based on ion−molecule reactions and CAD.

drug metabolites in a linear quadrupole ion trap mass
spectrometer (Figure 10). Only protonated polyfunctional

Figure 10. A general scheme for structural characterization of N-oxides
and sulfoxides by MS3 experiments employing ion−molecule reactions
with TDMAB and CAD.

compounds containing either an N-oxide or a sulfoxide
functionality showed abundant TDMAB adducts that had lost
a DMA molecule (or two DMA molecules) when allowed to
react with TDMAB in the gas phase (MS2 experiments). CAD
of the TDMAB adducts that had lost a DMA molecule gave
type A and B fragment ions for both sulfoxides and N-oxides
(MS3 experiments). However, only sulfoxides yielded diagnostic type C fragment ions, which distinguishes these two
functionalities. The formation of TDMAB adducts that have

■

CONCLUSIONS
In this study, ion−molecule reactions with TDMAB followed
by CAD were demonstrated to allow the identiﬁcation and
diﬀerentiation of protonated N-oxide and sulfoxide containing
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typical nominal pressure of TDMAB in the trap during the
experiments was 0.68 × 10−5 Torr. After the experiments were
completed each day, the manifold was isolated from the instrument
and placed under vacuum to remove any remaining reagent.
In collisionally activated dissociation (CAD) experiments, the
advanced scan features of the LTQ Tune Plus interface were used to
isolate the ions by using an m/z window of 2 units. At a q value of
0.25, the ions were subjected to CAD by using helium as the collision
gas for an activation time of 30 ms. ‘‘Normalized collision energies’’
were varied from 20% up to 40%.
The detection mass range was from m/z 50 up to 500. All mass
spectra acquired were an average of at least 20 spectra. Xcalibur 2.0
software was used for processing of all data produced.
High Performance Liquid Chromatography/Tandem Mass
Spectrometry. The reference compounds 1 and 2 and the dog liver
metabolite mixture of 1 (obtained as described in the literature3) were
introduced into the HPLC/MS via an autosampler as a full-loop
injection volume for high reproducibility. The ﬂow rate was 0.5 mL/
min. Solutions containing 0.1% (v/v) formic acid in water (A) and
0.1% formic acid (v/v) in acetonitrile (B) were used as the mobile
phase solvents. Formic acid was chosen to encourage positive ion
production. The nonlinear gradient used was as follows: 0.0 min, 95%
A and 5% B; 10.0 min, 80% A and 20% B; 18.0 min, 55% A and 45%
B; 25.0 min, 3% A and 97% B; 26.0 min, 3% A and 97% B; 26.1 min,
95% A and 5% B; 30.0 min, 95% A and 5% B. The column was located
in a thermostated compartment where the temperature was
maintained at 30 °C. Mass spectrometric analysis of the HPLC eluent
was performed using single ion monitoring for ions of m/z 314
(protonated 1) and m/z 330 (protonated 2 and 3). Ions with the m/z
values 314 and m/z 330 were selected for further isolation and MS2
experiments involving CAD. For MS2 experiments, an ion isolation
window of 2 m/z was used prior to ion fragmentation at a q value of
0.25 for 30 ms at a normalized collision energy of 35% (arbitrary
units).
Computational Studies. The Gaussian 03 suite of programs was
used for all calculations.37 Proton aﬃnities were calculated at the
B3LYP/6-31G++(d,p) level of theory. All the neutral and protonated
molecules’ lowest energy conformers were identiﬁed using the Maestro
7.0 Macro-model conformational search. The free energies of
activation and reaction were calculated at the MØ6-2X/6-311+
+G(d,p)//MØ6-2X/6-311++G(d,p) level of theory.

lost two DMA molecules for some N-oxides and sulfoxides in
the MS2 experiments was found to indicate the presence of a
nucleophilic group with access to the N-oxide or sulfoxide
functionality, thus providing information on the chemical
environment of these two functional groups (Figure 10).
Finally, the ion−molecule reaction/CAD MS3 method was
successfully applied in the identiﬁcation of a drug metabolite in
dog liver microsomes by using HPLC/tandem mass spectrometry.
The results obtained in above studies demonstrated that
protonated multifunctional compounds, such as drug metabolites, can carry the proton at several diﬀerent sites with unequal
PAs after evaporation by ESI from methanol solution. Hence,
identiﬁcation of a functionality is possible even when this is not
the most basic functionality in the gaseous compound.

■

EXPERIMENTAL SECTION

Materials. Ricobendazole, albendazole, and zioleuton sulfoxide
were purchased from Santa Cruz Biotechnology (Dallas, Texas, USA);
sulindac and sulindac sulfone were purchased from ENZO Life
Sciences (Farmingdale, New York, USA); olanzapine N-oxide, 2hydroxymethylolanzapine, quetiapine, quetiapine N-oxide, quetiapine
sulfoxide, and cetirizine N-oxide were purchased from Toronto
Research Chemicals (Toronto, Ontario, Canada); and olanzapine,
methionine sulfone, and tris(dimethylamino)borane (TDMAB) were
purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Highperformance liquid chromatography−mass spectrometry (HPLC/MS)
grade water, methanol, and acetonitrile were purchased from Fisher
Scientiﬁc (Pittsburgh, PA, USA). All chemicals were used without
further puriﬁcation. A Zorbax SB-C18 column (4.6 mm × 250 mm, 5
μm particle size) and a Zorbax SB-Phenyl column (4.6 mm × 250 mm,
5 μm particle size) were purchased from Agilent Technologies (Santa
Clara, CA). Compounds 1−3 were provided by AstraZeneca.
Compound 1 is the parent drug compound. Compound 2 is a
synthesized azepine N-oxide metabolite of 1. Compound 3 is the
major (unknown) metabolite formed upon incubation of 1 in dog liver
microsomes.3
Sample Preparation. Stock solutions of all the above-mentioned
analytes were prepared at a ﬁnal concentration of 0.1 mM in methanol.
For HPLC/MS analysis, all analytes were dissolved in acetonitrile to
achieve a ﬁnal volume of 1 mL and an analyte concentration of 0.01
mM.
Instrumentation. All mass spectrometry experiments were
performed using a Thermo Scientiﬁc LTQ linear quadruple ion trap
(LQIT) equipped with an ESI source. An integrated syringe drive was
used to directly infuse the analyte solutions into the ESI source at a
rate of 20 μL/min. All analytes were ionized via (+) ESI. The (+) ESI
conditions were as follows: 3.5−4 kV spray voltage, sheath and
auxiliary gas (N2) ﬂow of 20 and 10 (arbitrary units), and a heated ion
transfer capillary/mass spectrometer inlet temperature of 275 °C. The
voltages for the ion optics were optimized for each analyte by using the
tune feature of the LTQ Tune Plus interface. The protonated, isolated
analytes were allowed to react with the reagent TDMAB in the ion
trap for 50 up to 500 ms; however, up to 1000 ms were used in cases
where no reactions were observed.
The manifold used to introduce reagents into the helium buﬀer gas
line was ﬁrst described by Gronert.34,35 A diagram of the exact
manifold used in this research was published by Habicht et al.19
TDMAB was introduced into the manifold via a syringe pump at a
ﬂow rate of 20 μL/h. A known amount of He (1.5 L/h) was used to
dilute TDMAB. The syringe port and surrounding area were heated to
∼90 °C to ensure evaporation of TDMAB. Before entering the trap,
the He/reagent mixture was split using two Granville-Phillips leak
valves, instead of the standard ﬂow splitter. This allowed better control
over the amount of the mixture introduced into the instrument. One
leak valve was set to establish a helium pressure of ∼3 m Torr in the
ion trap by allowing ∼2 mL/min of the mixture into the trap36 while
the other leak valve controlled the amount of ﬂow diverted to waste. A
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Chem. 2008, 73, 4888−4894.
(26) Sheng, H.; Williams, P. E.; Tang, W.; Riedeman, J. S.; Zhang,
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SUMMARY

Mimivirus was initially identified as a bacterium
because its dense, 125-nm-long fibers stained
Gram-positively. These fibers probably play a role
during the infection of some host cells. The normal
hosts of Mimivirus are unknown, but in the laboratory
Mimivirus is usually propagated in amoeba. The structure of R135, a major component of the fibrous outer
layer of Mimivirus, has been determined to 2-Å resolution. The protein’s structure is similar to that of
members of the glucose-methanol-choline oxidoreductase family, which have an N-terminal FAD binding domain and a C-terminal substrate recognition
domain. The closest homolog to R135 is an arylalcohol oxidase that participates in lignin biodegradation of plant cell walls. Thus R135 might participate in
the degradation of their normal hosts, including some
lignin-containing algae.
INTRODUCTION
Acanthamoeba polyphaga Mimivirus, the prototypic member of
the family of Mimiviridae, was isolated from a water tower in
Bradford, UK. It initially was identified as a Gram-positive bacterium due to a highly glycosylated, dense layer of fibers (La Scola
et al., 2003). A subsequent study recognized the viral nature of
this particle, placing Mimivirus into the group of nucleocytoplasmic double-stranded DNA viruses (NCLDVs) (La Scola et al.,
2003). Its genome of 1.2 Mbp (Raoult, 2004) encodes 979 open
reading frames, of which 42 are common genes in other
NCLDVs. About 24% of the Mimivirus genes have homologs in
bacteria, archaea, and eukaryotes. However, almost half of the
Mimivirus genes encode proteins with no known homologs.
Furthermore, no homologous sequences can be found for 39%
of the proteins that can be isolated from the mature virions (Renesto et al., 2006).
Structural studies of Mimivirus show that the virus has an overall icosahedral shape, with a unique 5-fold structure termed the
stargate (Xiao et al., 2005; 2009) because it is probably where the
genome exits the capsid when the virus infects a host (Zauberman et al., 2008). A dense layer of 125-nm-long fibers covers
the whole virus except for the stargate (Kuznetsov et al., 2010;
Xiao et al., 2009). Each fiber is capped by a small protein of un-

known function (Kuznetsov et al., 2010). The fibers are resistant
to protease treatment unless the virus is first treated with lysozyme (Xiao et al., 2009).
The role of the fibers in the life cycle of Mimivirus is not well understood, but because the fibers mimic the peptidoglycan layers
found in Gram-positive bacteria, they may aid entry of the virus
into the amoeba host (Kuznetsov et al., 2010; La Scola et al.,
2003; Raoult, 2004; Xiao et al., 2009). Boyer et al. (2011) have
shown that R135, L725, and L829 are components of the fibers.
None of these proteins are essential to maintain infectivity under
laboratory conditions, but their deletion during serial passage
leads to a loss of fibers on the particles (Boyer et al., 2011).
This fiberless variant of Mimivirus, M4, does not allow replication
of the Sputnik virophage. Furthermore, R135 is found in association with Sputnik on isolating it from amoeba (La Scola et al.,
2008). Thus R135 is the protein that Sputnik uses to attach to
Mimivirus for coinfection. R135 and L829 have been identified
as major antigens of Mimivirus (Raoult et al., 2007). However,
the M4 fiberless variant of Mimivirus showed no reactivity with
sera from human patients (Boyer et al., 2011), confirming that
these proteins are missing in M4.
R135 has homology to members of the glucose-methanolcholine (GMC) oxidoreductases, which utilize FAD to carry out
a wide variety of oxidation/reduction reactions. These proteins
were found to have common structural features, such as a
conserved FAD binding domain and a variable substrate binding
domain, as is also the case for other enzymes that depend on a
bound nucleotide (Rossmann et al., 1974). R135 is a part of a
gene cluster in the Mimivirus genome involved in glycosylation
of viral surface proteins (Piacente et al., 2012), but the precise
function of R135 remains unknown. Here we describe the structure of R135, the first Mimivirus protein structure to be determined that is related to capsid assembly and host infection.
RESULTS AND DISCUSSION
Structure of R135
The R135 protein has a molecular weight of 75 kDa and consists
of 702 amino acids. The protein was successfully expressed in
its apo form in Escherichia coli, and ran as an apparent monomer
on a size-exclusion column but failed to crystallize. Secondary
predictions showed that the first 50 amino acids were likely to
be disordered. Therefore, these residues were removed by
generating a deletion construct, R135_50.
The truncated protein crystallized in three different space
groups, P1, P21, and P212121. The Matthews coefficient
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Table 1. Crystallographic Statistics
R135
Data Collection
X-Ray
wavelength (Å)

1.0332

1.0332

1.0332

Space group

P1

P212121

P21

a, b, c (Å)

64.76, 77.50,
94.34

101.32, 240.50,
295.65

169.97, 154.94,
197.39

a, b, g (" )

111.221,
109.636,
94.556

90, 90, 90

90, 103.57, 90

Resolution (Å)2

2
(2.00–2.07)

2.91
(2.99–2.91)

3.34
(3.46–3.34)

Cell dimensions

Rmerge2

0.209 (0.992)

0.182 (0.674)

0.179 (0.392)

I/DI2

6.30 (1.60)

8.4 (2.3)

9.20 (4.40)

Completeness (%)2

99.2 (99.3)

96.2 (84.3)

99.1 (99.4)

Overall
redundancy

3.4

4.3

3.1

Refinement
No. of reflections

105150

158141

141759

Rwork/Rfree

0.1630/
0.2037

0.1652/
0.2135

0.1511/
0.2082

Average B factor

25.07

26.11

20.8

Rmsd
Bond lengths (Å)

0.008

0.009

0.012

Bond angles (" )

1.087

1.254

1.554

Ramachandran Plot (%)
Favored

96.3

96.6

96.1

Allowed

3.7

3.4

3.9

Outliers

0

0

0

suggested that the number of monomers in the asymmetric unit
of these crystal forms were about 2, 14, and 10, respectively. The
limits of resolution of these crystals were 2.0, 3.3, and 2.9 Å. The
presence of only two molecules in the P1 space group made this
crystal form the best candidate for molecular replacement. A
rotation function showed that there was a major non-crystallographic 2-fold axis.
The P1 crystal structure of R135_50 was initially solved by molecular replacement using seven homologous GMC structures
found in the PDB. These structures had between 20% and
30% sequence identity and had about 100 fewer residues in their
sequences than R135_50. These trials also included using an
ensemble of these seven proteins trimmed of some structural
variable regions as implemented in the Phaser program (McCoy
et al., 2007). The best of these solutions was then used to
compute phases for an initial solution. This model and its electron density were refined using the Rosetta program, in which
the energy of the model and the current density distribution
were considered (Dimaio et al., 2011; Terwilliger et al., 2012).
The resultant model was further improved by cycles of rebuilding
and crystallographic refinement using the phenix.refine program
(Afonine et al., 2012). Refinement included restraints to impose
the non-crystallographic symmetry (NCS), although rebuilding

was done independently for each monomer. The first three residues were found to be disordered in both monomers. The final
Rwork value was 16.3%, and Rfree was 20.4%. The root-meansquare deviation (rmsd) between equivalent Ca atoms in the
two monomers was 0.2 Å on superimposing the two monomers
(Table 1). The structure showed extensive interactions between
the two independent monomers in the crystallographic asymmetric unit. Furthermore, the monomers are related by a 2-fold
NCS axis, and analytical centrifugation confirmed the existence
of dimers in solution.
The program Phaser was used to determine the two other
crystal forms, using the R135_50 dimer structure as a search
model. The P21 and P212121 crystal forms were found to contain
six and four dimers per crystallographic asymmetric unit, respectively, roughly consistent with the Matthews coefficient.
The overall fold of R135 is similar to that of other members of the
GMC oxidoreductase family (Cavener, 1992) (Figure 1). The protein consists of a FAD binding domain and a substrate recognition
domain. These domains have the same conserved relative relationship to each other in all the known structures of these enzymes. The N-terminal part is composed of a five-stranded parallel b sheet with the same sequence of b strands typical of a
nucleotide binding fold (Rossmann et al., 1974), with a helices
packed against each side of the b sheet (Figure 2). The positions
of these helices are consistent with being ‘‘right-handed crossover’’ structures (Richardson, 1976). The C-terminal domain is
the potential substrate binding domain and consists of two antiparallel b sheets and four a helices. Although the FAD binding
and substrate binding domains are primarily in the N- and C-terminal part of the sequence, respectively, parts of the structure of
each domain are insertions in the other domain, as is the case in
all known members of this family. A structure-based comparison
of R135 with other members of the GMC oxidoreductase family
using the SALAMI server (http://flensburg.zbh.uni-hamburg.de/
!wurst/salami/) shows that the closest homologs in the PDB are
a fungal aryl-alcohol oxidase (FAAO), involved in lignin biodegradation (PDB: 3FIM) (Fernández et al., 2009), and a formate oxidase
(PDB: 3Q9T) (Doubayashi et al., 2011). Overall there are rmsds of
about 3 Å between equivalenced Ca atoms for 75.6% and 78% of
the residues in the R135_50 and FAAO/formate oxidase structures and a sequence identity of 18% and 22%, respectively.
The structural and sequence similarity is greater for the N-terminal
FAD binding domain than for the C-terminal domain (Table 2). As
most plant cells, such as in seaweed or some algae, contain lignin
in their cell walls, it seems probable that Mimivirus might have an
alternative host that has a lignin-containing cell wall which needs
to be degraded for successful entry. Thus, Mimivirus might be
able to infect water plants or lignin-containing algae, although
finding such a host among hundreds of possibilities might be difficult. Amoeba, however, do not have a cell wall, consistent with the
observation that bald Mimivirus, which does not contain R135, infects amoeba as does the wild-type fibered virus. The possibility
that Mimivirus might infect alternative hosts was also implied
recently by the discovery that Mimiviruses were found to be abundant in oysters (Andrade et al., 2014).
The R135 Dimer
Analysis of the dimer interface shows that the buried surface
area between the monomers is 2,893 Å2, corresponding to a
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Figure 1. Structure of R135
(A and B) Top view (A) and side view (B) of an R135
dimer, rainbow colored from blue at the N terminus
to red at the C terminus.
(C and D) Top view (C) and side view (D) of an R135
dimer. Each monomer is colored in red and green,
respectively.

nández et al., 2009; Li et al., 1993) and
might assist the redox reaction by activating the cofactor.

solvent free energy of 18 kcal/mol (Krissinel and Henrick, 2007).
The oligomeric state of R135_50 was also analyzed by analytical
ultracentrifugation, which showed that more than 90% of the
protein was found to be dimeric, independent of its concentration (Figure 3). The remaining 10% were higher molecular weight
assemblies. A substantial amount of the dimer-forming surface is
formed by the loop between b strands C1 and C2 (Figure 2). This
loop is longer than four amino acids for those GMC oxidoreductases that form a dimer, consistent with the present case in
which there are 12 amino acids that participate in forming a
dimer. This loop has occasionally been referred to as the ‘‘FAD
loop’’ (Kiess et al., 1998). Other members of the GMC oxidoreductase family are also oligomeric, particularly those that are
active in an extracellular environment.
FAD Binding Site
The nucleotide binding fold binds the cofactor at the carboxy end
of the b strands of the sheet, as is the case in FAD oxidoreductases and all other nucleotide binding structures that utilize a
similar fold. The FAD is tightly bound and stabilized by a network
of direct or water-mediated hydrogen bonds (Figure 4). Residues
in proximity to the cofactor that are also sequentially and
spatially conserved in GMC oxidoreductases include Ala67,
Ser151, Asn155, and glycines in positions 63, 65, 145, 149,
and 150 in R135. A structural superposition of R135 with glucose
oxidase (GOX) (Wohlfahrt et al., 1999), cholesterol oxidase
(CHOX) (Li et al., 1993; Pollegioni et al., 1999) or aryl-alcohol oxidase (AAO) (Fernández et al., 2009) shows that His628 corresponds to the active-site histidine conserved in all these
proteins.
The isoalloxine ring of the FAD molecule is slightly bent along
the N5-N10 axis (Figure 5). Although this ‘‘butterfly’’ conformation (Mathews, 1991; Mattevi, 2006) is energetically unfavorable
in comparison with a planar structure, this structure has been
observed in several GMC oxidoreductase family members (Fer-

Substrate of R135
A comparison between the active centers
of CHOX, GOX, AAO, and R135 shows
some similarities. For example, CHOX
has a catalytic tetrad, consisting of a
His, Glu, and Asn, as well as a water
molecule. The histidine and asparagine
correspond to His628 and Asn666, respectively, in R135, but Glu361 has been
substituted by Met452 in R135 (Table 3).
Thus, no substrate specificity can be
readily deduced from structural comparisons given the available
structures.
Glucose, viosamine (4-amino-4,6-dideoxy-D-glucose), rhamnose, and N-acetylglucosamine are the four major sugars found
on Mimivirus proteins (Piacente et al., 2012). All but glucose were
significantly reduced in viral preparations that were depleted of
the surface fibers. Therefore, R135_50 was tested for its enzymatic activity toward glucose, rhamnose, and N-acetylglucosamine using two separate assays. In addition, benzyl alcohol,
methanol, ethanol, polyethylene glycol (PEG) 100, cholesterol,
and choline were assayed. These assays were unable to show
any reactivity of R135_50 toward any of these potential
substrates.
Having failed to find a likely substrate for R135 in this way, we
started to consider the biological function of the GMC enzymes.
At this point we realized that AAO has lignin-degrading activity.
We therefore turned our attention to assaying for such activity.
Assaying for lignin-degrading enzymes requires the use of substrates that have bonds the same as those frequently found in
lignin. Guaiacylglycerol-b-guaiacyl ether is a compound (Figure 6) frequently used for this purpose, as it has a cleavable
bond found in many different lignin structures. In using this compound for the assay and using mass spectroscopy to find the
cleaved products, we determined that neither R135 on its own
nor the complete virus was able to degrade guaiacylglycerolb-guaiacyl ether. Although guaiacylglycerol-b-guaiacyl ether
is one of the most common lignin model substrates, this
does not eliminate the possibility of R135 degrading lignin
or a lignin-like compound. Furthermore, as Mimivirus quickly
mutated under laboratory conditions to its bald form (M4) (Boyer
et al., 2011) and in this process lost R135 and other fiber-associated proteins, it is likely that R135 gave the virus a competitive
advantage in its natural environment. This advantage was likely
associated with a broader host range that includes organisms
with different lignin or lignin-like compounds in their cell walls.
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Figure 3. Oligomer Formation of R135 in Solution Analyzed by Sedimentation Velocity Centrifugation
The majority of R135 forms a dimer with a sedimentation coefficient of 7.8 S in
solution, independent of the protein concentration.

Figure 2. Topology Diagram of R135
The FAD binding domain and the substrate recognition domain are colored in
green and blue, respectively, and are separated by a black line. The FAD
binding loop involved in dimer formation is shown in orange.

Glycosylation of R135
R135 used in this study is from a recombinant bacterial source
and is, therefore, not glycosylated. However, this protein is
highly glycosylated in mature particles of Mimivirus, a property
that could influence the high immunogenicity of the virus
(Boyer et al., 2011; Raoult et al., 2007). Little is known about
the glycosylation machinery encoded by Mimivirus and its
potential glycosylation sites. PBCV-1, another member of the
NCLDVs, encodes its own glycosyltransferases that require
specific recognition sequences (sequons), different to those
used in eukaryotes (De Castro et al., 2013; Nandhagopal
et al., 2002; Que et al., 1994). Assuming that the sequons
found in PBCV-1 ((A/G)NTXT and ANIPG) are also valid for

Mimivirus, there is one potential N-glycosylation site at
Asn442, which is located on an exposed loop of the protein.
Prediction of O-glycosylation sites using the DictOGlyc server,
which has been trained on proteins of Dictyostelium discoideum (Gupta et al., 1999), shows that there are also potential
O-glycosylation sites on R135 at Thr41 and Thr517. The
former is not part of the present structure, and the latter is
located on an outside loop.
Location of R135 on Mimivirus
As R135 is highly antigenic and is responsible for attachment
of Sputnik to Mamavirus/Mimivirus, it should be near the
outside of the virus (Boyer et al., 2011; La Scola et al.,
2008). However, these observations indicate only that R135
is located on the outside of the capsid shell, not whether it
is associated only with fibers or is also a part of the integument layer outside of the viral shell (Kuznetsov et al., 2010;
2013). To identify the primary location of R135, the protein
was incubated with Mimivirus and the bald variant of Mimivirus (M4). Subsequently, the incubated virus was pelleted and
the unbound protein present in the supernatant was visualized
on an SDS-PAGE gel. The results showed that R135_50 binds
to both the bald and the fibered virus. The binding seems to
be stronger with the fibered particles, in good agreement with

Table 2. Rmsd between GMCs
Choline Oxidase
(PDB: 3NNE)
Sequence identity (%)
Aligned amino acids

Pyridoxine 4-Oxidase
(PDB: 4HA6)

Aryl-Alcohol Oxidase
(PDB: 3FIM)

Probable Choline Dehydrogenase
(UniProtKB: X5ZQU6)

20

19

22

30

486

478

489

538

Overall rmsd (Å)

2.2

2.1

2.3

–

N-Terminal domain rmsd (Å)

1.8

1.7

1.8

–

C-Terminal domain rmsd (Å)

2.8

2.8

3.0

–
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Figure 4. FAD Cofactor and its Protein Environment
Shown are the residues involved in hydrogen
bonds (depicted by dashed lines) and hydrophobic
interactions with the flavin ligand. The figure was
generated using the program LIGPLOT+ (Laskowski and Swindells, 2011).

degrading the capsule of its host (Glonti
et al., 2010), and phage 370.1 has several
hyaluronidase genes for the same purpose (Yan et al., 2014). In contrast, most
viruses that infect eukaryotic cells enter
by endocytosis and fusion with the
plasma membrane. Mimivirus infects
protists that often protect themselves
with cell walls that are difficult to penetrate. A similar situation is encountered
for PBCV-1, which infects chlorella. This
virus probably contains an enzyme in its
unique vertex spike, which is used to
digest the cell wall of its host (Zhang
et al., 2011). Thus, Mimivirus might
achieve entry into a yet to be identified
host by lignin digestion. However, thus
far the original isolate of Mimivirus has
been cultured only on amoeba, where
the long surface fibers encourage
phagocytosis.
EXPERIMENTAL PROCEDURES

the previously reported association of Sputnik and the fibers
of Mimivirus whereby R135 acts as a catalyst (Boyer et al.,
2011). The binding of R135 to M4 suggests an affinity for
the capsid shell or an interaction with some remaining small
fibers.
Most bacterial viruses (bacteriophages) are equipped with
one or more enzymes that help the virus to digest a part of the
bacterial cell wall. For instance, phage T4 has three lysozyme
molecules surrounding its tail that function to digest the peptidoglycan cell wall in the periplasmic space of Gram-negative
bacteria (Arisaka et al., 2003; Kanamaru et al., 2002; Kao and
McClain, 1980a, 1980b). Also, the terminal knob of phage
phi29 is a peptidoglycan-degrading enzyme (Xiang et al.,
2008), and phiKZ is equipped with a lytic transglycosylase (Fokine et al., 2008; Miroshnikov et al., 2006). Furthermore, phage
PT-6 has an alginate-degrading enzyme that is responsible for

Protein Production and Purification
R135_50, a variant lacking the first 50 amino acids,
was amplified from Mimivirus DNA by PCR using
R135_50 fwd (GGC CAT ATG ACT AAA GAT AAT
CTT ACA GGC GAC ATA G) and R135 rev (CCC
CGT CGA CTC AAT TAA CAT TGA GAA TTG
GAA CAT CAT TAA CT). The PCR product was
cloned into pET28a using NdeI and SalI. The protein was expressed in E. coli BL21(DE3) (Novagen)
and purified by Ni-NTA affinity chromatography.
The protein was further purified using ion-exchange chromatography (HiTrap Q HP, GE
Healthcare) and a final polishing step on a size-exclusion column (Superdex
200 pg 16/60, GE Healthcare).
Crystallization and Structure Determination
R135_50 at a concentration of 10 mg/ml was used to screen for crystallization
conditions using Hampton (Hampton Research) and Emerald (Emerald Biosystems) crystallization screens. Drops were set up using a Honeybee crystallization robot (Digilab Inc.) utilizing sitting drops. The drops consisted of 0.5 ml
of protein mixed with 0.5 ml of crystallization buffer. A few initial hits were
obtained in conditions containing PEG 8000. After optimization, needle-like
crystals in three different space groups were obtained. The final crystallization
conditions were 10% (w/v) PEG 8000 and 100 mM ammonium nitrate.
Crystals were harvested and flash-frozen in liquid nitrogen after soaking in a
cryoprotecting solution consisting of mother liquor and 50% (v/v) ethylene glycol.
Multiple datasets were collected at the Advanced Photon Source, beamline
23-ID-B and 23-ID-D, GM/CA.
Images were processed using HKL2000 (Otwinowski and Minor, 1997) and
XDS (Kabsch, 2010). The structure in space group P1 was solved using a
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Figure 5. Electron Density Surrounding the
FAD Cofactor
(A and B) Model of the FAD cofactor shown from
the top (A) and side (B). The 2Fo # Fc electron
density map drawn at a s level of 1.0 is shown as a
mesh.
(C and D) Overlays of a planar (red) and the
observed butterfly (green) conformation shown
from the top (C) and side (D). The electron density
map is displayed in the same way as in (A) and (B).

the reaction kinetics of pyranose dehydrogenase
(Tan et al., 2013). High substrate concentrations
were incubated with R135_50, and spectra of the
protein were taken at different time points.

combination of molecular replacement and structure modeling as implemented in phenix.mr_rosetta (Terwilliger et al., 2012). After model building
and refinement, the final structure was used to solve the two other crystal
forms with 12 (for P21) and 8 (for P212121) monomers per asymmetric unit,
respectively, using Phaser (McCoy et al., 2007). Refinement was carried out
using phenix.refine (Afonine et al., 2005) from the PHENIX software package
(Adams et al., 2010). NCS was enforced during refinement. Data collection
and refinement statistics are summarized in Table 1.
Binding Assay
To analyze binding of R135_50 to Mimivirus, a coprecipitation assay was used.
The protein was incubated with either Mimivirus (M1) or the bald variant of
Mimivirus (M4) for 3 hr at room temperature. The virus and bound protein
were subsequently pelleted by centrifugation at 10,000 3 g for 5 min. The supernatant with the unbound protein and a control of just R135_50 without virus
were analyzed on a 12% SDS-PAGE gel and stained using Coomassie R250
(Bio-Rad Laboratories).
Substrate Tests
Two assays were utilized to determine substrate specificity. First, dichlorophenolindophenol (DCPIP) was used as an electron acceptor for which the reduction of DCPIP can be followed by a decrease in absorbance at 600 nm. R135_50
at a final concentration of 0.1 mg/ml was mixed with substrate plus 100 mM
DCPIP, and the change of absorption at 600 nm was monitored over time.
The second assay was based on the transfer of electrons from a substrate to
FAD during a reaction leading to a change of the spectral properties of the
cofactor between 300 and 600 nm. This has been successfully used to study

Sample Preparation for Lignin Assay
To test for activity in the context of the whole
virus, Mimivirus and the bald variant of Mimivirus
(M4) were incubated with 1 mM guaiacylglycerolb-guaiacyl ether in PBS at 37" C for 48 hr. Furthermore, 1 mg/ml of R135_50 on its own was
incubated with 1 mM guaiacylglycerol-b-guaiacyl
ether in PBS at 37" C for 24 hr. R135_50 without substrate was used as a negative control.
Samples were desalted using Waters Oasis HLB 3-cc Vac Cartridges prior
to high-performance liquid chromatography/mass spectrometry (HPLC-MS)
analysis. The cartridges were equilibrated with 10 ml of methanol followed
by 10 ml of water. 2 ml of sample was loaded and washed with 10 ml of water
before being eluted with 2 ml of methanol. 25 ml of the eluents was injected for
HPLC-MS analysis.
HPLC-MS
HPLC-MS analysis was performed using a Surveyor Plus HPLC system with a
quaternary pump, an autosampler, and a photodiode array (PDA) detector.
The HPLC was coupled to a Thermo Scientific linear quadrupole ion trap
(LQIT) mass spectrometer equipped with an electrospray ionization (ESI)
source. Separation was performed using a Zorbax SB-C18 column. A nonlinear gradient of water (A) and acetonitrile (B) was used as follows:
0.00 min, 95% A and 5% B; 10.00 min, 95% A and 5% B; 30.00 min, 40% A
and 60% B; 35.00 min, 5% A and 95% B; 38.00 min, 5% A and 95% B;
38.50 min, 95% A and 5% B; 45.00 min, 95% A and 5% B. The mobile phase
flow rate was kept at 500 ml/min throughout the gradient. HPLC eluents were
mixed via a T-connector with 1% sodium hydroxide solution at a flow rate of
0.1 ml/min to facilitate deprotonation of the analytes. ESI source conditions
were set as: 3.5 kV spray voltage; 50 (arbitrary unit) sheath gas (N2) flow and

Table 3. Comparison of the Amino Acids in the Active Site
Glucose Oxidase
(1GPE)

Choline Oxidase
(3COX)

Aryl-Alcohol
Oxidase (3FIM)

R135

His520

His447

His502

His628

His563

Asn485

His546

Asn666

Phe418

Glu361

Ile391

Met452

Glu416

Phe359

Glu389

Gln450

Gly112

Gly120

Tyr92

Arg156

Trp519

Tyr446

Phe501

Ser627

Conserved residues are in bold.

Figure 6. Lignin Model Dimer
Chemical structure of guaiacylglycerol-b-guaiacyl ether, the compound used
in all lignin degradation assays.
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20 (arbitrary unit) auxiliary gas (N2) flow. Ion detection was performed under
negative ion mode. The PDA detector was set at a wavelength of 254 nm.

of N-linked oligosaccharides attached to chlorovirus PBCV-1 major capsid
protein reveals unusual class of complex N-glycans. Proc. Natl. Acad. Sci.
USA 110, 13956–13960.
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